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Abstract 
The preparation of biaryls by palladium-catalyzed cross-coupling of aromatic bromides 
and chlorides with alkali-metal salts (potassium and sodium) of aryl- and heteroarylsilanols has 
been developed. The critical feature for the success of this method is the use of bis(tri-tert-
butylphosphine)palladium catalyst. Under the optimized reaction conditions, a range of coupling 
partners bearing different functionalities have been examined and provide biaryl products in 
moderate to good yields.  
Refinement of the mechanism for this reaction is facilitated by the ability to prepare a 
variety of arylpalladium(II) silanolate intermediates from easily accessible 
aryldimethylsilanolates. These in situ generated complexes enable kinetic studies of the 
transmetalation step in the proposed catalytic cycle under stoichiometric conditions. Hammett 
analysis reveals that electron-donating groups on the silicon nucleophile and electron-
withdrawing groups on the aryl halide electrophile accelerate this process. Further interpretation 
of the kinetic data leads to the proposal of an intramolecular, asynchronous, SEAr-type 
transmetalation pathway. 
 
 
 
The application of aryldimethylsilanolate to asymmetric biaryl cross-coupling reactions 
has been investigated. Pivotal to this study is the development of a novel synthetic route to 
access a number of chiral bis-hydrazone ligands featuring a 2,5-diarylpyrrolidine moiety. This 
endeavor enables systematic investigation of the ligand effect on the reactivity and 
enantioselectivity of the reaction. The origin of the chiral induction has been rationalized through 
computational modeling.  Preliminary mechanistic studies indicate that reductive elimination is 
the stereodeteremining step. Efforts in the preparation of palladium complexes of an achiral bis-
hydrazone ligand have laid the groundwork for future development. 
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1 Cross-Coupling Reactions of Aromatic and Heteroaromatic Silanolates 
with Aromatic and Heteroaromatic Halides 
 
1.1 Introduction 
 Biaryls represent a common structural motif in both natural products and biologically 
active compounds (Figure 1).  For example, vancomycin is a glycopeptide antibiotic that 
contains a chiral biaryl subunit.1  Additionally, a number of pharmaceutical compounds 
containing a biaryl moiety have been developed including Losartan and Irbesartan.2  The 
prevalence of the biaryl scaffold is further evident in the development of highly conjugated 
aromatic polymers which possess interesting optical and electronic properties.3,4 Lastly, the 
biaryl motif is an integral part of the ligand design for many catalytic processes.  Chiral ligands 
such as BINAP, BINOL, MOP, SEGPHOS, SYNPHOS and their derivatives have been utilized 
in many asymmetric transformations. 5,6 
 
 
Figure 1. Examples of biaryl compounds 
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 Given the importance of the biaryl motif, a myriad of methods have been developed for 
the synthesis of biaryl compounds.7-9  In 1901, Ullmann discovered the homocoupling reaction 
of aryl halides in the presence of copper powder at temperatures greater than 200 °C.10  Since 
this seminal report, advances have been made toward mild reaction conditions mediated by 
copper, nickel or palladium catalysts.11  Although this method is useful for the synthesis of 
symmetrical biaryls, high yielding unsymmetrical biaryls often require pairing an electron-rich 
aryl halide with an electron-deficient aryl halide.  
 Among the modern methods of carbon-carbon bond formation, the transition-metal 
catalyzed cross-coupling reaction has ascended to a strategy level reaction in both industrial and 
academic sectors.12,13  For example, a survey of the reactions scaled in the GMP facilities at 
Pfizer-Groton shows that the use of cross-coupling reactions has increased by 10.2% between 
1985 and 2002.14  Of particular importance is the palladium-catalyzed cross-coupling reactions 
for the synthesis of biaryls. Various organometallic donors have been studied for this purpose, 
including organomagnesium (Kumada), organozinc (Negishi), organotin (Stille), organoboron 
(Suzuki) and organosilicon (Hiyama) reagents.12 Although Grignard reagents can couple 
effectively, their high nucleophilicity and basicity is not compatible with many functional 
groups.  Organozinc reagents are more tolerant of sensitive functionality; however, the instability 
of arylzinc reagents has hampered large-scale development.15  In contrast, organostannanes are 
mild, stable and readily prepared reagents, but a major drawback is the inherent toxicity of the tin 
reagents and byproducts.16,17  Consequently, recent investigations have focused on using 
organoboron-based reagents and many synthetically challenging biaryls have been prepared by 
judicious choice of catalysts and ligands.18-20 Despite the advances of this cross-coupling 
strategy, there are aspects worthy of improvement. For example, some boronic acids are difficult 
to handle, difficult to purify or unstable to extended storage. Variants of boron reagents such as 
borate esters and trifluoroborates have been developed to address some of these problems.21  
Alternatively, arylsilicon nucleophiles can be conscripted into service as useful nucleophiles for 
cross-coupling reactions. The specific advantages of organosilicon-based donors have been 
described in detail in a number of review articles and will be summarized only briefly below.22-28 
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1.2 Background 
 Aryl(dihalo)silanes represent the first organosilicon reagents used for biaryl synthesis 
(Scheme 1).29,30 Because of the sensitivity of halosilanes to moisture, acid or base, the more 
robust trialkoxysilanes have been advocated as more practical reagents for cross-coupling with 
aryl iodides and bromides.31  However, only phenyl transfer from trimethoxysilane was 
demonstrated with aryl chlorides and the reaction employing a carbene ligand cannot be applied 
to electron-rich electrophiles (Scheme 2).32,33 To address these limitations, stable 
triallylarylsilanes were introduced for the cross-coupling of a range of aryl chlorides (Scheme 
3).34-36 A major disadvantage of all the aforementioned arylsilicon donors is the need for fluoride 
activators in stoichiometric excess to facilitate transmetalation. The wide spread adoption of 
silicon-based protecting groups in complex molecule synthesis, precludes the use of fluoride. 
Accordingly, alternative methods of activation have been developed for arylsilicon reagents.  In 
2005, Hiyama and coworkers reported the use of aryl[2-(hydroxymethyl)phenyl]dimethylsilanes 
which bear a pendant nucleophilic tether (Scheme 4). In the presence of potassium carbonate, the 
silyl unit is activated intramolecularly to deliver the aryl group.37 The iterative cross-coupling of 
these organosilicon reagents were elegantly demonstrated for the synthesis of oligoarenes.38 
Despite many advances in the cross-coupling of organosilicon reagents, the fluoride-free method 
with aryl chlorides are scarce. This idea was explored by Najera using a combination of tert-
butylammoniumbromide TBAB (0.5) and 50% NaOH (2.5 equiv).39 However, the harsh nature 
of the reaction conditions limits the utility of this protocol (Scheme 5). 
 
Scheme 1 
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Scheme 2 
 
Scheme 3 
 
Scheme 4 
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 The continuous interests in the silicon-based cross-coupling reactions from the Denmark 
group have driven the development of aryl(halo)silacyclobutane40 and aryldimethylsilanol41,42 
into useful aryl donors. Under fluoride-activation, the aryl(halo)silacyclobutane undergoes a 
strain-release transfer of the aryl group to the palladium and a range of unsymmetrical biaryl 
products can be obtained from aryl iodides (Scheme 6). A slightly higher loading of the t-Bu3P 
ligand effectively minimized the amount of homocoupling product.  
5 
 
Scheme 6 
 
 
 Subsequent mechanistic studies revealed that TBAF promoted the formation of silanol 
from silacyclobutane.43 Accordingly, a fluoride-free reaction conditions employing 
aryldimethylsilanol was developed (Scheme 7).41,42  The important findings include: (1) cesium 
carbonate and cesium hydroxide are the optimal bases, (2) the hydration level is a critical 
parameter in the minimization of silanol dimerization and (3) an increase in reactivity using 
diphenylphosphinobutane (dppb) is required for the reaction of aryl bromides. Nevertheless, the 
prolonged heating at 110 °C is undesirable and the scope of the arylsilanol is somewhat limited. 
 
Scheme 7 
 
 
An alternative reaction condition employing triphenylphosphine oxide has been 
demonstrated to promote the cross coupling of 4-methoxyphenylsilanolate with a few aryl 
bromides.44 Unfortunately, the lability of this ligand limited the reaction scope with respect to 
arylsilanolate. 
 
Scheme 8 
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1.3 Research Objectives 
 Various successes of the organosilicon-based biaryl formations have been achieved in 
these laboratories. However, to demonstrate the utility of arylsilanolate as a competent cross-
coupling partner, two major challenges need to be met. Firstly, the scope of the arylsilanolate for 
the cross-coupling reaction needs to be expanded. Secondly, a mild reaction condition should be 
developed to include the cross-coupling of aryl chlorides. 
 
1.4 Results 
1.4.1 Reaction Optimization 
1.4.1.1 Substrate Choice and Orienting Experiments 
 For the initiation of this project, a set of standard substrates are required for reaction 
optimization. In consideration of the nucleophile selection, both 4-
trifluoromethylphenyldimethylsilanolate and 4-methoxyphenyldimethylsilanolate are good 
choices. The electron-deficient organyl donor is known to be the more challenging cross-
coupling partner because of the lower nucleophilicity. In these laboratories, the cross-coupling of 
electron-deficient arylsilanolates and aryl bromides have had limited success.41,42,44   Therefore, 
an optimized reaction protocol based on these silanolates should be applicable to most biaryl 
formation. Nevertheless, previous studies indicate that the cross-coupling of the electron-rich 
silanolate and aryl chloride is equally challenging although in a different aspect.45 A major 
problem is the unproductive conversion of the silanolate K+3a− into anisole. Orienting 
experiments using allyl palladium chloride dimer (APC) at 90 °C demonstrated that ligand has 
an important role on the reaction pathway (Table 1). The highly effective S-Phos and Ru-Phos 
ligands developed for Suzuki and Negishi couplings46 gave a significant amount of anisole 
relative to the biaryl product (entries 1 and 3). Although still unsatisfactory, Ph2X-Phos was 
found to favor cross-coupling over protiodesilylation of the arylsilanolate in a 4:1 ratio (entry 2). 
Changing the substituent on the phosphorus bearing phenyl rings or modification on the biphenyl 
core did not improve the ratio (see section 1.5.1).45 Various additives and bases have detrimental 
effects.   
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Table 1. Orienting Experiments 
 
entry R ligand time (h) 
yield (%)a 
anisole 5 
1 H S-Phos 4 40 30 
2 H Ph2X-Phos 5 10 42 
3 H Ru-Phos 1 33 27 
4 Me Ph2X-Phos 5 12 34 
a Determined by GC using tetradecane as the internal standard. Aliquots were 
taken at the specified time point for analysis.  
 
 
 
 To quantify the conversion of the aryl chloride more accurately, subsequent surveys were 
conducted using 4-chlorotoluene.47 Furthermore, an optimized procedure with an electron-rich 
aryl chloride should represent a protocol with better generality. As expected, 4-chlorotoluene 
attenuates the rate of cross-coupling; while the amount of anisole remained consistent, the 
amount of product formed decreased (entry 4). Reaction screens were performed on 0.5 mmol 
scale. At smaller scales the reaction tends to stall causing irreproducibility. 
 
1.4.1.2 Solvent, Palladium Source 
 To address the issues of undesired anisole formation, a brief solvent survey was 
conducted using Ph2X-Phos ligand (Table 2). Mixed results were observed for the reaction in 
ethereal solvents; more biaryl product (31%) than anisole (19%) was observed in 1,2-
dimethoxyethane (DME), but a nearly equal ratio was obtained in dioxane (entries 2-3). Running 
the reactions in formamide and acetamide solvents were also not beneficial (entries 4-5). 
Although no anisole was observed with N-methylpyrrolidone (NMP), the amount of disiloxane 
formation was unacceptable which may be a result of moisture in this solvent (entry 6).  
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Table 2. Effect of Solvent on the Ratio of Anisole to Product 
 
entry solvent 
conversion (%)a yield (%)a 
4a anisole 5aa 
1 toluene 59 12 34 
2 DME 56 19 31 
3 dioxane 57 24 25 
4 DMF 45 37 12 
5 DMA 79 48 33 
6 NMP 66 0 19 
a Conversion and yield are determined by GC using tetradecane 
as the internal standard. b Mildly refluxed.  
 
 Having identified toluene as the best solvent, various palladium sources were studied 
(Table 3). Since the aryl silanolate was unproductively consumed, 2 equiv. of the silanolate were 
employed to drive the reaction to completion (entry 2). Nevertheless, this simple strategy only 
provided a maximum yield of 56 % after 20 h with significant amounts of disiloxane and anisole 
formation. In comparison to the reaction using 1.3 equiv. of the silanolate (entry 1), a nearly 
equal amount of biaryl product was observed at 5 h. These two results suggest that displacement 
is not the rate limiting step.  
 No reactivity was observed for PdCl2 and PdBr2 due to insolubility in toluene (entries 3-
5) whereas the same reaction in THF showed some conversion (entry 11). The Pdm(dba)n 
catalysts are less efficient than [allylPdCl]2 providing 5aa in less than 25% yield (entries 7-10). 
In refluxing THF, there was less product formation (entry 10) than in toluene at 90 °C (entry 
9).48 Some improvements were observed when the palladacycle 6 and 7 were used (entries 12-
13),49,50 although the yields are still under the 50% mark. These unsatisfactory results warrant 
further optimization.  
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Table 3. Effect of Pd Source on the Ratio of Anisole to Product 
 
entry Pd source solvent 
conversion (%) yield (%)a 
4a anisole 5aa 
1 APC toluene 59 12 34 
2b APC toluene 54 6 32 
3 PdCl2 toluene ND ND 0 
4 PdBr2 toluene ND ND 0 
5 PdBr2
c toluene 3 0 0 
6 Pd(OAc)2 toluene 52 9 24 
7 Pd(dba)2 toluene 42 12 21 
8 Pd2(dba)3 toluene 35 10 19 
9 Pd2(dba)3·CHCl3 toluene 47 16 26 
10 Pd2(dba)3·CHCl3 THF 29 7 11 
11 PdBr2 THF 19 5 7 
12 6 toluene 69 22 38 
13 7 toluene 62 24 44 
a Conversion and yield are determined by GC using tetradecane as the internal standard.  
b 2 equivalence of silanolate K+3a− c 10 mol % ligand. 
 
 
1.4.1.3 Ligand, Palladium Source and Stoichiometry Optimization 
 Before more reaction surveys were undertaken, an inspection of the available data 
indicated a poor mass balance for 4-chlorotoluene. In all cases, there are higher conversion of the 
4-chlorotoluene than the biaryl product formation. Two hypotheses were invoked to account for 
this mismatch: (1) homocoupling and (2) reduction. Although the former problem is typically 
less prevalent to the cross-coupling of aryl chlorides, a small amount of 4,4'-dimethylbiphenyl 
was detected by GC. To confirm the second hypothesis, an experiment using 2-chloronapthalene 
as the electrophile was conducted, since the reduced product from 4-chlorotoluene is 
indistinguishable from the solvent (Scheme 9). Under the same reaction condition, 4% of the 2-
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chloronapthalene was reduced determined by an internal standard. Thus, homocoupling and 
reduction are two unproductive pathways that consume aryl chloride. 
Scheme 9 
Cl
MeO
Si
OK
Me Me
+
APC (2.5 mol %)
Ph2X-Phos (5 mol %)
toluene, 90 oC
5 h
MeO
+
4%
1.3 equiv
0.5 mmol
K 3a
 
 Based on the palladium source survey, palladacycle 6 and 7, were demonstrated to be 
slightly more active than APC even though more anisole were formed. Accordingly, the effect of 
ligand using these palladacycles was studied (Table 4). Tricyclohexylphosphine (Cy3P) and tri-
tert-butylphosphine (t-Bu3P) were reported to be very effective in combinations with 6 or 7.
49,50 
However, the results were somewhat surprising; although the yield of 5aa was low, palladacycle 
7 was much more reactive than 6 when Cy3P was employed (entries 1-2).  
 The first promising outcome arose from the combination of 6 and t-Bu3P, and was worthy 
of further investigation (entry 3). Firstly, the requirement of elevated temperature for reasonable 
conversion was confirmed again48 by running the reaction at 70 °C where the yield of 5aa was 
reduced by more than 50% (entry 4). Due to the highly sensitive nature of the t-Bu3P, the 
tetrafluoroborate equivalence of this ligand was employed. At 10 mol % ligand loading, 4-
chlorotoluene rapidly converted to the product in 1 h in 52% yield (entry 5), but essentially 
stalled. Subsequent experiments demonstrated that a 1:1 ratio of palladium to ligand is optimal, 
provided that a 2 equivalence of the silanolate K+3a− is present (entries 6-7). The less bulky Met-
Bu2P did not give the product in appreciable amount (entry 8), whereas using t-Bu3P effectively 
promoted the cross-coupling regardless of the palladium source (entries 3 and 9). The 
bis(admantyl) substituted ligand appeared to be too hindered (entry 10) and the Q-Phos ligand 
having a ferrocene moiety in place of one tert-butyl group from t-Bu3P is not beneficial (entry 
11). 
 To simplify the operation of the reaction, the crystalline (t-Bu3)2Pd (Fu’s catalyst) was 
employed in place of the waxy t-Bu3P ligand and a palladium(II) precatalyst. Comparable results 
were observed when 5 mol % of this catalyst was used instead of the t-Bu3P/6 and t-
Bu3P·HBF4/APC systems (entries 3, 9 and 12). At 4 h, 19% of anisole was formed which 
accounts for 0.25 mmol loss of the silanolate from the possible 0.65 mmol. From this analysis, it 
was concluded that at least 1.5 equiv. of the nucleophile is required to safely compensate for 
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protiodesilylation and other side processes such as disiloxane formation. Indeed, 5aa can be 
obtained in 75% yield in 7 h. When the reaction was scaled up to 1 mmol, the product was 
obtained in 81% isolated yield (entry 14). This protocol proved to be general and was applied to 
the cross-coupling of aryl bromides and aryl chlorides.  
 
Table 4. Optimization Study of Ligand / Pd Source / Stoichiometry Combinations 
 
entry 
K+3a− Pd source 
ligand (mol %) 
conversion (%)a yield (%)a 
(equiv) (mol %) 4a anisole 8b 5aac 
1 1.3 7 (2.5) Cy3P (5) 44 11 5   30  
2 1.3 6 (2.5) Cy3P (5) 18 3 0   4  
3 1.3 6 (2.5) t-Bu3P (5) 76 17 5   64 (66) 
4d 1.3 6 (2.5) t-Bu3P (5) 45 11 5   31 (49)
e 
5 1.3 6 (2.5) t-Bu3P·HBF4 (10) 68 12 6 52
f 
6 2 6 (2.5) t-Bu3P·HBF4 (10) 76 18 6   63 (72) 
7 2 6 (2.5) t-Bu3P·HBF4 (5) 86 17 8   67 (71) 
8 1.3 6 (2.5) Met-Bu2P·HBF4 (5) ND ND ND   ND (6) 
9 1.3 APC (2.5) t-Bu3P·HBF4 (5) 77 19 6   62 (59) 
10 1.3 APC (2.5) (admantyl)2n-BuP (5) 19 0 0   7 (10) 
11 1.3 APC (2.5) Q-Phos (5) 46 6 5   19 
 
12 1.3 (t-Bu3P)2Pd (5) - 69 19 4   62 (67) 
13g 1.5 (t-Bu3P)2Pd (5) - 79 25 9   73 (75) 
14h 1.5 (t-Bu3P)2Pd (5) - 100 ND ND   ND (81)
i 
a Unless otherwise noted, conversion and yield are determined by GC using tetradecane as the internal standard. b Percentage 
of silanolate undergoes homocoupling. c The GC yield in parenthesis is determined at 7 h. d Reaction was conducted at 70 
oC. e GC yield at 8 h. f GC yield at 1 h. g 0.3 mmol scale of K+3a− h 1 mmol scale of K+3a−. i isolated yield. 
 
1.4.2 Preparation of Silanols and Silanolates
51
   
 With the optimized reaction condition in hand, a number of aryldimethylsilanols were 
required to explore the substrate scope. These silanols were prepared by one of the two 
protocols: (1) direct installation of the dimethylsilanol unit through halogen-lithium exchange52 
and (2) catalytic, oxidative hydrolysis of dimethylsilanes.53,54 A third method using palladium-
catalyzed silylation of aryl halide can be employed for substrates having functional groups that 
are incompatible with lithiation.55 
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1.4.2.1 Preparation of Arylsilanols via Halogen-Lithium Exchange 
 4-Methoxyphenyldimethylsilanol was conveniently prepared in 20 mmol scale by 
subjecting 4-iodoanisole to n-BuLi at low temperature followed by trapping with 
hexamethylcyclotrisiloxane (D3) (Table 5, entry 1). Due to the availability and price 
consideration, aryl bromides were used for the preparation of silanol 3b-3d. Since aryl-bromide 
bond is stronger than aryl-iodide bond, t-BuLi was used in place of n-BuLi to ensure complete 
lithiation. Notably, the TBS protecting group remained intact and the desired arylsilanol was 
obtained in excellent yield (entry 2). 
 
Table 5. Preparation of Aryldimethylsilanols via Halogen-Lithium Exchange 
 
entry aryl halide R’Li (equiv) silanol yield (%) a 
1 
 
n-BuLi (1.0) 3a 78 
2 
 
t-BuLi (2.0) 3b 78 
3 
 
t-BuLi (2.0) 3c 93 
4 
 
t-BuLi (2.0) 3d 87 
a Isolated yield of chromatographed product followed by Kugelrohr distillation. 
 
1.4.2.2 Catalytic Oxidative Hydrolysis of Arylsilanes 
 For the less reactive and less stable aryllithium intermediates, a two-step, trapping with 
dimethylchlorosilane followed by catalytic oxidative hydrolysis of the arylsilane is a reliable 
method to prepare the arylsilanol. Thus, the 2-benzofuranylsilane 9a was converted to the 
corresponding silanol 3e by the oxidative hydrolysis of the Si-H bond using [RuCl2(p-cymene)]2 
(1 mol %) in MeCN-H2O to afford the corresponding silanol in 98% yield (Scheme 10).  The 
mesityldimethylsilanol 3f can be prepared in a similar manner. About 6% of the 
bromomesitylene was not lithiated due to the steric encumbrance of the 1,3-dimethyl substituents 
and the bulky t-BuLi. A longer reaction time or slightly elevated temperature for the metal-
halogen exchange should improve the yield of the mesityldimethylchlorosilane. The steric 
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hindrance is further manifested in the oxidative hydrolysis step which resulted in multiple 
charges of the ruthenium catalyst (1.0 + 2 × 0.5 mol %) for a reasonable conversion of the silane 
9b to the silanol 3f. Using the more reactive iridium catalyst [Ir(1,5-cyclooctadiene)Cl2] may be 
helpful.54   
Scheme 10 
 
 
1.4.2.3 Preparation of Arylsilanolates from the Parent Silanols 
 The silanolate salts were prepared by irreversible deprotonation of the arylsilanols (pKa ~ 
9 – 11)51 with a strong base (Table 6). In general, potassium hydride was employed for the 
following reasons: (1) the reaction is clean since the by-product is hydrogen gas, (2) hydrogen 
gas readily evolves and drives the deprotonation to completion, and (3) the potassium 
arylsilanolate is sufficiently nucleophilic avoiding the complication of slow displacement step. 
Depending on the physical state of the silanol, it can be added neat or as a solution to a 
suspension of KH in the same solvent. As a representative example, 4-
methoxyphenyldimethylsilanol was added dropwise to a suspension of KH in THF in a glove 
box. After being stirred for 30 min, the excess KH and any insoluble particulates were filtered 
off. Solvent removal in vacuo followed by trituration with hexanes afforded potassium 4-
methoxyphenyldimethylsilanolate, K+3a− (entry 1). The salt was then washed with hexanes 
(eliminating any siloxanes), vacuum dried and collected. With the exception of 3-
methoxyphenyldimethylsilanolate (entry 2), all silanolate salts are free flowing white powders. 
Since silanolate K+3b− was obtained as a very viscous oil, Et2O was the solvent of choice for 
easy evaporation. Silanolate K+3c− was prepared in benzene because of decomposition in THF 
(entry 3). The low yield for the mesityldimethylsilanolate is due to its considerable solubility in 
hexanes (entry 6). 
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Table 6. Preparation of Aryldimethylsilanolates 
base
solvent
rt
R
Si
Me Me
O-M+
R
Si
Me Me
OH
3 M 3  
entry silanol base (equiv) solvent silanolate yield (%)a 
1 
 
KH (1.2) THF K+3a− 
 
88 
2 
 
KH (1.2) Et2O K+3b− 
 
98b 
3 
 
KH (1.2) benzene K+3c− 
 
94 
4 
 
KH (1.2) THF K+3d− 
 
95 
5 
 
NaHMDS 
(1.0) 
THF Na+3e− 
 
98 
6 
 
KH (1.2) THF K+3f− 
 
44 
a Unless indicated, all silanolate salts were obtained as a free flowing power. b A viscous oil. 
 
 Unfortunately, the preparation of potassium benzofuranyldimethylsilanolate K+3e− was 
unsuccessful, a problem also encountered for potassium (2-indolyl)dimethylsilanolates.56 
Deprotonation by KH or KHMDS in either THF or benzene led to rapid desilylation to form 
benzofuran. The corresponding sodium salt Na+3e−, can be prepared by NaH and NaHMDS. The 
latter reagent was chosen because of the excellent yield (entry 5). The selection of disilizane base 
deserves some comments. It is soluble in organic solvent and the by-product 1,1,1,3,3,3-
hexamethyldisilazane is readily removed in vacuo thus no filtration is required prior to 
concentration.  
 There are two major advantages using the silanolate salts. Operationally, they are simply 
charged into a reaction vessel for the cross-coupling reaction without an additional base. Most 
importantly, the issue of silanol dimerization at high temperature is avoided. These reagents are 
moisture sensitive and should be store under anhydrous condition. The results of preparative 
cross-couplings are presented in the following section. 
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1.4.3 Preparative Cross-Coupling Reactions of Aryl Silanolates 
1.4.3.1 Cross-Coupling Electron-Rich Alkali-Metal Silanolates with Aryl Halides 
 The cross-coupling of the electron-rich 4-methoxyphenyldimethylsilanolates with a 
number of aryl bromides have been reported previously from the Denmark group.44 Therefore, 
initial studies focused on the reaction of K+3a− and K+3b− to test the competency of the 
optimized reaction conditions (Table 7, entries 1-5). The experimental protocol is extremely 
simple; aryl halide, Fu’s catalyst and toluene are charged to a round-bottomed flask equipped 
with a reflux condenser under an argon atmosphere. After stirring to obtain a homogeneous 
solution, the silanolate is added and then heated to 90 °C. The catalyst loading is increased to 5.0 
mol % whenever the aryl halide is not fully consumed at 2.5 mol % loading. Accordingly, K+3b− 
cross-coupled smoothly with electron-rich (entry 3), steric hindered (entry 4) and electron-poor 
(entry 5) aryl bromides in 78-80% yields. The biaryl product from the cross-coupling of 4-
chloro-aryl bond was not detected by GC-MS. 
 Although the reaction using K+3a− has had good success using previously developed 
method, the cross-coupling of aryl chloride has not been reported.44 To test the applicability of 
this reaction protocol to aryl chloride, 4-chlorotoluene and 2-chlorotoluene were selected. 
Encouragingly, both substrates reacted uneventfully with K+3a− to afford the biaryls in greater 
than 80% yields (entries 1-2).  
 The attention was then turned to the electron-rich nucleophile bearing a more sensitive 
functional group (entries 6-7). Obviously, the fluoride activation strategy utilized in many cross-
coupling of organosilicon reagents would not tolerate the silicon protecting group. Thus, the TBS 
protected 4-hydroxyldimethylsilanolate K+3c− was chosen for the investigation and moderate 
yields (34-62%) were obtained. 
 
1.4.3.2 Cross-Coupling Electron-Deficient Alkali-Metal Silanolates with Aryl Halides 
 Since there has been limited success for the cross-coupling of electron-deficient 
nucleophile from these laboratories, the focus was shifted to 4-trifluoromethyl- and 4-
chlorophenyldimethylsilanolates, K+3g− and K+3d− (Table 7, entries 8-15). Not only aryl 
bromides are viable electrophiles,57 aryl chlorides also underwent cross-couplings to afford a 
range of biaryls. The moderate yields maybe the result of the somewhat labile TBS and carbonyl 
functional groups (entries 8-9).  
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Table 7. Preparative Formation of Biaryls 
 
entry R K+3− aryl halide 
catalyst loading time 
product 
yielda 
(mol %) (h) (%) 
1 4-OMe K+3a− 
 
4a 5.0 7 5aa 81 
2 4-OMe K+3a− 
 
4b 5.0 7 5ab 84 
3 3-OMe K+3b− 
 
4c’ 5.0 3.5 5bc 82 
4 3-OMe K+3b− 
 
4b’ 5.0 3 5bb 78 
5 3-OMe K+3b− 
 
4d’ 2.5 5.5 5bd 80 
6 4-OTBS K+3c− 
 
4e’ 5.0 3.5 5ce 62 
7 4-OTBS K+3c− 
 
4b’ 5.0 3.5 5cb 34 
8 4-CF3 K
+
3g
− 
 
4f 5.0 5 5gf 58 
9 4-CF3 K
+
3g
− 
  
4g 5.0 5 5gg 65 
10 4-Cl K+3d− 
 
4f’ 2.5 3.5 5df 57 
11 4-Cl K+3d− 
 
4h’ 5.0 3.5 5dh 60 
12 4-Cl K+3d− 
 
4b’ 5.0 3.5 5db 68 
13 4-Cl K+3d− 
 
4i’ 2.5 3.5 5di 42 
14 4-Cl K+3d− 
 
4j’ 2.5 3.5 5dj 56 
15 4-Cl K+3d− 
 
4k’ 5.0 3.5 5dk 61 
a Yields are for isolated, chromatographically homogeneous products. 
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 In consideration of a sequential cross-coupling from an aryl bromide followed by an aryl 
chloride, 4-chlorophenyldimethylsilanolate K+3d− was synthesized and reacted with a range of 
challenging substrates (entries 10-15). Firstly, the TBS protected aryl bromides 4f’ and 4h’ were 
subjected to the standard reaction condition (entries 10-11). No significant difference in yields 
(57-60%) was observed between the silylphenol and silylbenzyloxy products (5df and 5dh). A 
tert-heptyl ester group is more tolerant toward silanolate than the tert-butyl ester (entries 13-14). 
Lastly, a heterocyclic bromide represented by 3-bromothiophene also underwent cross-coupling 
to afford 5dk in 61% yield. 
 In summary, a variety of potassium arylsilanolates undergoes cross-coupling with aryl 
bromides (34-84% yield) in 3.5 to 5.5 h and with aryl chloride (65-84%) in 5 to 7 h. Longer 
reaction time is required for aryl chlorides because of the stronger C-Cl bond. 
 
1.4.3.3 Cross-coupling of Heterocyclic Silanolates 
 In view of the enormous interest in heterocycles in the pharmaceutical industry and to 
extend the scope of silanolates developed in these laboratories,56,58 the cross-coupling of 
heterocyclic silanolates adopting the standard reaction condition for the synthesis of biaryls was 
investigated. Sodium (2-benzofuranyl)dimethylsilanolate Na+3e−, which failed to provide the 
cross-coupled product using previously developed conditions, was reinvestigated.56 Here again, a 
significant amount of benzofuran (from protiodesilylation of Na+3e−) was observed (t-Bu3P)2Pd 
with aryl bromides at 90 °C. However, simply lowering the temperature to 60 °C provided good 
yields of the cross-coupling products with significantly less desilylation (Table 8). Both electron-
rich (entries 1-3) and sterically hindered electrophiles (entry 4) afforded the biaryl products in 
good to excellent yields (71-99%). Notably, the TBS protected 4-bromophenol reacted with 
Na+3e− almost quantitatively (entry 2). In addition, N-Boc-5-bromoindole coupled in high yield 
thereby highlighting the mildness of these reaction conditions (entry 5).  
 Initial experiments with electron-poor aryl bromides and Na+3e− did not provide the 
biaryl products though both silanolate and aryl bromides were gradually consumed.59 However, 
changing the solvent to THF provided 2-(4’-nitrophenyl)benzofuran 5em in moderate yield 
(entry 6).60  For the nitrile analogue, significant protiodesilylation of the silanolate was observed 
in both THF and DME. Further optimization (dioxane, 70 °C) successfully provided 5en in 58% 
yield (entry 7).60 The conversion of the 4-cyanobromobenzene to product was less at 60 °C and 
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more desilylation was observed at 80 °C. 
 
Table 8. Cross-Coupling of Sodium Benzofuranyldimethylsilanolate Na+3e−  with Aryl 
Bromides Using (t-Bu3P)2Pd
a 
 
 
entry R 
 catalyst loading 
solvent temp. 
(°C) 
time 
(h) product 
yieldb 
(%)  (mol %) 
1 4-OCH3 4e’ 2.5 toluene 60 5 5ee 82 
2 4-OTBS 4f’ 5.0 toluene 60 5 5ef 99d 
3 3-CH2OTBS 4h’ 5.0 toluene 60 5 5eh 71 
4 2-CH3 4b’ 5.0 toluene 60 8 5eb 95 
5 d 4l’ 5.0 toluene 60 5 5el 91d 
6 4-NO2 4m’ 5.0 THF 60 8 5em 58
e,f 
7 4-CN 4n’ 5.0 dioxane 70 3.5 5en 58e,f 
a Reactions employed 1.5 equiv of arylsilanolate  b Yields are for isolated, chromatographically homogeneous products.  
c Yields are for analytically pure products  d N-Boc-5-bromoindole e The yield was sacrificed due to purification from 
polysiloxane side products.  f See footnote 60. 
 
 With the success of the cross-coupling in the aryl bromide series, the focus shifted 
towards aryl chloride substrates.  Surprisingly, employing the optimized conditions for the cross-
coupling of Na+3e− with 4-chloroanisole 4e yielded no desired product. Although the majority of 
aryl chloride was not consumed, a significant amount of protiodesilylation of Na+3e−was 
observed. Even elevated temperatures (90 °C) did not provide the desired cross-coupling product 
in any appreciable amount. At this stage, further optimization was warranted to identify 
appropriate conditions for this class of substrates.  
 Inspired by the success of the cross-coupling of alkenyldimethylsilanolate with a broad 
range of aryl chlorides, the reaction conditions developed in this report were directly adopted.61  
To our delight, employing S-Phos and APC in THF smoothly promoted the cross-coupling of a 
variety of aryl chlorides with Na+3e− (Table 9). Both silanolate and aryl chloride were 
completely consumed within 5 h affording good yields (64-85%) of the biaryl products (Table 9, 
entries 1-4). Although the coupling of 3-chloropyridine did not reach completion in 6.5 h (Table 
9, entry 5), the desired product was still obtained in 67% yield. 
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Table 9. Cross-Coupling of Sodium Benzofuranyldimethylsilanolate Na+3e− with Aryl 
Chloridesa 
 
 
 
 
 
 The dramatic enhancement in reactivity described above by using S-Phos/APC in THF 
rather than Fu’s catalyst in toluene is intriguing. To eliminate the factor of solvent effect, the 
reaction of silanolate Na+3e− with 4-chloroanisole 4e was conducted with Fu’s catalyst (5 mol 
%) in THF at 60 °C. Similar GC-profile to the reaction in toluene was observed where no 
coupling product was formed. In an attempt to understand the effect of ligand, a few S-Phos 
variants (Scheme 11) were subjected to the same reaction conditions. The diphenyl ligand 10 
was ineffective; no biaryl product was detected, while most of the silanolate was unproductively 
consumed to benzofuran. The more bulky tert-butyl substituted ligand 11 did promote the cross-
coupling, however the reaction was much slower than using S-Phos, which led to more 
protiodesilylation. There is little leeway for the choice of ligand; S-Phos appears to have the 
optimal steric and electronic properties for the cross-coupling of Na+3e−. 
 
  
entry R  time (h) product yield b  (%) 
1 4-OCH3 4e 3.5 5ee 77 
2 2,6-(CH3)2 4o 5 5eo 85 
3 4-CF3 4p 3 5ep 82 
4 4-CN 4n 3.5 5en 64d 
5 c 4q 6.5 5eq 67 
a Reactions employed 1.5 equiv of arylsilanolate relative to aryl chloride (1 
mmol)  b Isolate yields.  c 3-chloropyridine  d See footnote 60. 
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Scheme 11 
 
 
 
 
1.5 Discussion 
1.5.1 Optimization of Reaction Conditions 
 The subtlety of the electronic and steric properties of the ligand on the cross-coupling 
reaction cannot be overlooked. Kallemeyn has demonstrated that both electron-rich and electron-
deficient X-Phos type ligands do not promote the cross-coupling reaction efficiently (Table 10, 
entries 1-2 and 6).45 The relatively neutral aryl substituent gave moderate amounts of the biaryl 
product (entries 3-5).  The steric hindrance provided by the ortho-methyl group retards the 
product formation but increases the undesired desilylation (entry 7). Ligand survey presented in 
section 1.4.1.1 and 1.4.1.3 further elaborates the delicate steric requirement of the phosphine 
ligands. For example, t-Bu3P gave 64% yield of the product, whereas almost no cross-coupling 
was observed using Cy3P (c.f. Table 4, entries 2 and 3). The potential of the catalyst 7/t-Bu3P 
combination is curious, since 7 appears to be the most reactive palladium source (Table 4). 
Bedford et. al. proposed that this palladacycle tends to form nanoparticles and its catalysis under 
ligand-free condition has been reported.49,50 Indeed, the cross-coupling of silanolate K+3g− and 4-
bromoanisole in the presence of 7 provided the desired product, albeit in less than 10% yield. 
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Table 10. Effect of Ligand Substituent on the Product/Anisole Distribution45 
 
entry R σp product, % anisole, % 
1 4-CF3 0.54 2 0 
2 4-OCF3 0.35 5 0 
3 4-F 0.06 54 16 
4 H 0 45 8 
5 4-CH3 -0.17 47 10 
6 4-OCH3 -0.27 5 0 
7 2-CH3 n/a 4 27 
a Determined by GC analysis using tetradecane as the internal 
standard. 
 
1.5.2 Preparation of Arylsilanols 
 Even though D3 provides a rapid and direct entry to the aryldimethylsilanols, it is not 
reactive enough to trap the less stable aryl lithium intermediate generated in situ. Due to the 
strong Si-O bond in a cyclic trimeric form, D3 is less electrophilic than dimethylchlorosilane 
which is employed for the oxidative hydrolysis protocol. Consequently, the aryllithium 
intermediate decomposes before cleaving the trimer into the dimethylsilanol unit. Although the 
preparation of benzofuranylsilanol 3e has been previously reported using D3,
62 we could not 
obtain this silanol in good yield. Fortunately, the oxidative hydrolysis protocol is reliable and 
affords 3e in gram scale. 
 
1.5.3 Preparation of Silanolate Salts 
 The preparation of the more sensitive arylsilanolate is clearly solvent dependent. In THF, 
the irreversible deprotonation of silanol 3c by KH led to severe decomposition. A simple solvent 
switch to benzene provided the arylsilanolate K+3c− in 94% yield (Table 5, entry 3). THF is a 
polar solvent and can coordinate to the potassium ion. Consequently, the silanolate anion is more 
exposed and its nucleophilicity is enhanced. The decomposition is most likely due to the 
nucleophilic attack of K+3c− to the TBS moiety. In contrast, benzene is non-polar and the 
silanolate is more “shielded” from the electrophile by tighter binding to the potassium ion. 
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Arylsilanolate K+3e− cannot be prepared in either solvent presumably due to the inherent 
instability. This observation is in line with the previous report on the preparation of some 
heterocyclic silanolates.56  
 
1.5.4 Scope of Arylsilanolate 
1.5.4.1 Electron-rich and Electron-deficient Arylsilanolates 
 With the exception of K+3c−, the electron-rich arylsilanolates underwent cross-coupling 
smoothly. Low yield (34%) was obtained for 5cb presumably due to steric hindrance of the 
ortho-methyl substituent and the cleavage of the TBS group (see section 1.5.6.1). Most of the 
biaryl products derived from the electron-deficient arylsilanolate were reported for the first time 
from these laboratories (Table 7, entries 8-15), although moderate yields (42-68%) were 
obtained. Electron-deficient nucleophiles are more challenging cross-coupling partners because 
of slower transmetalation. For the 4-chlorophenyl-aryl series (Table 7, entries 10-15), a potential 
complication is the subsequent cross-coupling from the aryl-chloride bond of the products. 
 
1.5.4.2 Heterocyclic Silanolates 
 In contrast to the aryl-aryl cross-couplings which requires heating at 90 °C (Table 7), the 
reaction of benzofuranylsilanolate Na+3e− can be achieved at 60 °C without significant extension 
of the reaction time (Table 8 and Table 9). The difference in the requirement of temperature can 
be rationalized by the feasibility of the transmetalation, which is assumed to be the rate limiting 
step. The olefin in the five-membered ring of the benzofuran does not possess a strong 
aromaticity as in the phenyl ring. This olefin is relatively reactive and readily undergoes 
electrophilic attack or hydrogenation. Furthermore, the transmetalation event would generate a 
β-cation which is stabilized by the orbital interaction with the C-Si bond (Scheme 12). Therefore, 
Na+3e− should have similar properties to an alkenyl silanolate. Not surprisingly, the reaction 
conditions for the cross-coupling of potassium alkenyl silanolate can be directly adopted.61 The 
failure of Fu’s catalyst in the cross-coupling of Na+3e− and aryl chlorides is unclear.  
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Scheme 12 
 
 
 If the same analysis is applied to the transfer of an aryl group, the aromaticity would be 
disrupted to generate a highly unstable cationic intermediate. An electron-rich 4-methoxyphenyl 
group should have a lower barrier for the transmetalation since the positive charge can be 
resonance-stabilized. This rationalization can partly justify the difficulty in the cross-coupling of 
electron-deficient arylsilanolates.  
 
Scheme 13 
 
 
 The failure of the reaction between Na+3e− and 4-bromobenzonitrile in toluene may be 
due to the competitive nucleophilic aromatic substitution pathway. In the cross-coupling of N-
methyldimethyl(2-indolyl)silanolate, both the 3-substituted indole and 2,3-disubstituted indole 
were isolated.56 However, the corresponding benzofuran side products 12 and 13 could not be 
isolated or identified by mass spectroscopic analysis (Scheme 14). 
 
Scheme 14 
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1.5.5 Nucleophilicity and Basicity of Aryl Silanolate 
 Previous studies in these laboratories demonstrated that the counter ion of the in situ 
generated silanolate has a dramatic effect on the rate of reaction.42,61 Activators such as Na2CO3 
and K2CO3 did not promote the cross-coupling of K
+
3a
− with ethyl-4-iodobenzoate. In contrast, 
8% and 45% conversion of the iodide was observed using Rb2CO3 and Cs2CO3 in 24 h, 
respectively. Furthermore, the dependence of the alkali metal was also supported in the alkenyl-
aryl cross-couplings in which the potassium salt of (E)-heptenylsilanolate reacted significantly 
faster than the sodium salt.43 Thus, the expected correlation between the size of the alkali metal 
and the nucleophilicity of the silanolate is seen. Larger alkali metals typically form more ionic 
metal-oxygen bonds and consequently, these alkali metal silanolates are more nucleophilic than 
the smaller alkali metal silanolates.  
 With this observation in mind, Na+3c– and Na
+
3d
– were synthesized and the reactivity of 
these nucleophiles was evaluated in (t-Bu3P)2Pd catalyzed cross-coupling reactions. 
Electrophiles bearing either carboxylic esters or silicon protecting groups were surveyed. These 
substrates were chosen because lower yields of the biaryl products 5ce, 5cb, 5df, 5dh and 5di 
(Table 7, entries 6, 7, 10, 11, 13) were obtained using the corresponding potassium salts K+3c– 
and K+3d–. It was hypothesized that decreasing the nucleophilicity of the 
aryl(dimethyl)silanolate could potentially minimize the undesired side reactions such as cleavage 
of the TBS protected phenol and tert-butyl ester. Additionally, the formation of the phenol from 
5di via SNAr pathway may be avoided. The cross-coupling of Na
+
3c
– and Na+3d– with 4e’ and 
4b’ provided the desired biaryls 5ce and 5cb by GC analysis. However, prolonged heating was 
required (>29 h and >19 h) compared to the corresponding potassium silanolates (3.5 h and 3.5 
h). The difference in reaction time implies that displacement becomes competitive as the 
turnover limiting step in the catalytic cycle. Significant amounts of disiloxane and unconsumed 
bromo ester 4i were observed in the reaction with Na+3d–. Apparently, the dimerization of 
silanolate becomes the dominant pathway if the displacement step is too slow. From these 
findings, it was concluded that sodium arylsilanolates did not offer any preparative advantage 
over the potassium analogues.  
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1.5.6 Scope of Electrophile 
1.5.6.1 Electron-rich Electrophiles 
 In general, the electron-rich aryl bromides and aryl chlorides are good cross-coupling 
partners giving the biaryl products in 78-84% yields (Table 7, entries 1-5). The TBS protected 4-
bromophenol or 4-chlorophenol gave only moderate yields which maybe the result of silyl group 
cleavage of the aryl halides and the biaryl products. When the smaller TES protecting group was 
employed, complete desilylation was observed (Scheme 15).  
Scheme 15 
 
 In principle, the lability of the protecting group is dependent on the position of the 
alcohol. More specifically, the cleavage of the TBS group on aryl bromide 4f’ gives the 4-
bromophenolate anion 14 (Scheme 16). The negative charge on the oxygen can be delocalized 
into the phenyl ring. On the contrary, cleavage in 4h’ produces a benzyl oxide 15 which does not 
experience any resonance stabilization. Nevertheless, biaryl 5df and 5dh were obtained in 
similar yields (Table 7, entries 10-11). These results imply that the degree of unintentional 
deprotection is primarily a function of the arylsilanolate nucleophilicity. A useful experiment to 
support this hypothesis is to individually subject arylsilanolates of various electron-demand to 
the same aryl bromide such as 4f’ in the absence of the catalyst. Quantification of the 
bromophenol at an appropriate time point should be informative.  
Scheme 16 
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1.5.6.2 Electron-deficient Electrophiles 
 The cross-coupling of electron-deficient electrophiles having an ester or ketone 
functionality gave 42-65% yields (Table 7, entries 9, 13-14). The reasons for moderate yields can 
be ascribed to both silanolate (see section 1.5.4.1) and aryl halide. With respect to the 
electrophile, two pathways can lead to the unproductive consumption of both starting reagents: 
(1) SNAr and (2) ester cleavage (Scheme 17). The isolation of phenol proved the first hypothesis. 
The second pathway is supported by the reaction of the bulkier tert-heptyl 4-bromobenzoate 4i’, 
and the yield of the biaryl product was improved by 14% (Table 7, entries 13-14). Although the 
transfer of the aryl group to the benzylic carbonyl carbon (1,2-addition) may explain the 
moderate yield of 5gg, (Table 7, entry 9), no attempts have been done to isolate the resultant 
tertiary alcohol. A better explanation is desirable since the formation of the hindered triaryl 
alcohol is difficult. 
Scheme 17 
 
 
1.5.6.3 Aryl Chlorides 
 The standard reaction condition can be applied to the cross-coupling of aryl chlorides 
without any modification (Table 7, entries 4-5 and 8-9). Nevertheless, the reaction of 4-
chlorobromobenzene is worth mentioning (Table 7, entry 3). Biaryl 5bc was obtained in 80% 
yield. The product corresponding to the oxidative addition of aryl-chloride bond was not detected 
by GC-MS. If 100% efficiency was assumed for the usage of K+3b− (1.5 mmol), the excess of 
this silanolate (0.5 equiv) relative to aryl bromide 4d’ (1.0 mmol) should further react with the 
product 5bc. However, the cross-coupling is less than ideal according to the optimization studies; 
some silanolates were consumed by protiodesilylation and disiloxane formation.  
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1.5.7 Limitations 
 During the survey of substrate scope, some biaryl combinations failed or did not provide 
satisfactory results (Scheme 18). Heteroaromatic aryl bromides are more challenging 
electrophiles due to the potential coordination of the heteroatom to the palladium shutting down 
the catalysis. This is especially problematic for the pyridyl compounds. Indeed, product 5bq was 
not obtained from pairing K+3b− with 3-bromopyridine, even though successes have been found 
for the cross-coupling of some heterocyclic bromides (Table 7, entry 15, Table 8, entry 5 and 
Table 9, entry 5). Biaryl 5br and 5ck were observed, but a common symptom shared for the 
formation of 5bq is the significant amount of disiloxane and desilylation of the dimethylsilyl 
moiety.  
Scheme 18 
 
 
 With the exception of heterocyclic benzofuranylsilanolate Na+3e– (Table 8, entries 6-7 
and Table 9, entry 4), the cross-coupling of potassium arylsilanolates with 4-bromobenzonitrile 
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and 1-bromo-4-nitrobenzene remained unsuccessful using this method. Further investigation and 
optimization of the reaction condition is required to illuminate these issues. 
 The third class of problematic substrates is the steric hindered combination. Interestingly, 
whereas no product was observed when 2-bromomesitylene was used as the electrophile to yield 
5as, reversing the role led to some reactivity forming 5fc and 5fe. However, more than 39 h were 
required for the consumption of most mesityldimethylsilanolate K+3f−. This is expected since 
K+3f− is an extremely hindered nucleophile. Further optimization was not pursued for the cross-
coupling of this nucleophile because considerable amount of unreacted aryl bromide remained in 
both instances. It appears that oxidative addition of this hindered bromide is more difficult than 
the transmetalation of the mesityl group from the Si-O-Pd intermediate. One possible 
explanation is that the former is an intermolecular process whereas the latter is intramolecular 
(Figure 2). A computation study to examine the energy barriers of these processes is required to 
support this hypothesis. It should be noted that this intriguing problem may be ligand dependent 
since 2-benzofuranyl-1,3-dimethylbenzene was obtained in 85% yield using S-Phos ligand 
(Table 9,  entry 2). 
 
Figure 2. Intramolecular transmetalation versus intermolecular oxidative addition 
 
 The cross-coupling of K+3d− and 2-bromoanisole did lead to the formation of 5dt. 
However, a significant amount of the aryl bromide was not consumed, which is in contrast to the 
cross-coupling of 2-bromotoluene (Table 7, entry 2). This observation may be rationalized by 
the coordination of the 2-methoxy oxygen to the palladium thus preventing catalyst turnover.  
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1.5.8 Proposed Mechanism 
 The catalytic cycle starts with the ligand dissociation to provide the highly reactive, 
monoligated, Pd(0) catalyst (Figure 3).61,63 The steric bulky tri-tert-butyl phosphine ligand helps 
stabilize this catalyst and donates electron density to the palladium center to facilitate oxidative 
addition. The bulkiness of the tri-tert-butyl group prevents ligation of a second ligand to the T-
shaped arylpalladium halide intermediate and minimizes the undesired homocoupling process 
through bimolecular aryl/halide exchange. The displacement of halide by potassium 
arylsilanolate from the palladium(II) center provides the crucial Si-O-Pd intermediate for 
transmetalation. The details of this transformation have been elucidated and are described in 
Chapter 2. Reductive elimination regenerates the catalyst and yields the biaryl product.  
 
 
Figure 3. Proposed catalytic cycle 
 
1.6 Conclusion 
 In summary, a simple three-component protocol which involves (t-Bu3P)2Pd, aryl halide 
and arylsilanolate has been developed for the synthesis of biaryls. The substrate scope has been 
significantly expanded to include electron-deficient silanolates. Various biaryl combinations 
have been demonstrated for the first time from these laboratories that encompasses electron-rich, 
electron-deficient, sterically hindered, TBS protected and heterocyclic aryl bromides. 
Furthermore, the same protocol can be applied to aryl chlorides. One highlight from this study is 
the formation of many aryl-benzofuranyl products under mild reaction conditions. 
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2 Probing the Electronic Demands of Transmetalation in the Palladium-
Catalyzed Cross-Coupling of Arylsilanolates with Aryl bromides 
 
2.1 Introduction 
 The natural progression of reaction development usually begins with empirical 
optimization. For a transition-metal catalyzed reaction, it often involves surveys of various 
reaction parameters such as catalyst source, ligand, additive, solvent and temperature. Iterations 
of data analysis and experimentation then lead to reaction conditions applicable to a set of 
substrates. However, this approach does not establish a solid foundation of the reaction 
mechanism. Consequently, opportunities to further improve the reaction may be overlooked. 
 One of the most direct methods to acquire information about reaction mechanism is the 
structural identification of reaction intermediates. Unfortunately, this practice is not always 
possible due to lability of these species. Therefore, chemists have resorted to extensive kinetic 
experiments as an alternative to refute or support a mechanistic hypothesis. In addition, linear-
free energy relationships provided mechanistic insights by systematically perturbing the 
electronic property of substrates (Hammett analysis).64 By observing the corresponding changes 
in reaction rate, a refined transition state structure may be formulated.  
 Although Hammett analysis is traditionally applied to a single-step transformation, it has 
been extensively applied to catalytic reactions. In the following section, the application of this 
technique to catalytic aryl-aryl cross-coupling reactions is illustrated. The insights and potential 
drawbacks are discussed throughout. 
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2.2 Background 
2.2.1 Hammett Analysis of Aryl-Aryl Cross-Coupling Reaction 
 In attempts to clarify the electronic influence of the coupling partners on the aryl-aryl 
cross-coupling reaction, a number of Hammett studies have been reported. The studies are 
usually performed under catalytic condition and a mixture of one coupling partners in equimolar 
amount is subjected (competition experiments). For example, a 1:1 mixture of a 4-substituted 
aryl bromide and bromobenzene is added to a reaction flask containing phenylboronic acid and a 
palladium catalyst (Figure 4).65 The relative rate of the reaction is reflected by the ratio of two 
corresponding biaryl products. Plotting the logarithm of the relative rate against an appropriate 
substituent constant, σ, a correlation may be found. In the current example, a faster reaction is 
observed for more electron-deficient aryl bromide, although the effect is small (ρ = 0.66). The 
authors suggest that oxidative addition of aryl bromide is likely not the rate-determining step 
because of the low ρ value.66 
 
 
 
Figure 4. Hammett correlations for 4-substituted arylboronic acids with bromobenzene (ρ = 
0.66; R2 = 0.97). 
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 In a different study that uses a sulfur-containing palladacycle as the catalyst, more 
electron-deficient aryl bromides also react faster, but the effect is more pronounced (ρ = 2.34) 
(Figure 5, eq. (a)).67 A lower ρ value (ρ = 0.65) is observed for the study with aryl iodides which 
can be attributed to the weaker carbon-halogen bond. These results show that the magnitude of 
the electronic effect exerted by the electrophile is dependent on the reaction condition and the 
type of aryl halide. 
 The authors also conducted competition experiments of a series of 4-substituted 
arylboronic acids with bromobenzene (Figure 5, eq. (b)). A correlation is found in which more 
electron-rich aryl boronic acids react faster (ρ = -0.68). A very similar substituent effect is found 
for the coupling with iodobenzene (ρ = -0.65) which may suggest that transmetalation is not 
sensitive to the identity of halide in the oxidative addition intermediate LnPd(Aryl)X. 
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(a) aryl bromides (b) aryl boronic acids 
  
Figure 5. Hammett correlations for (a) para-substituted aryl bromides with phenylboronic acid 
(ρ = 2.34; R2 = 0.93), and (b) para-substituted aryl boronic acids with bromobenzene (ρ = -0.68; 
R
2 = 0.98). 
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 The effect of substituents on arylboronic acids on transmetalation has been probed 
stoichiometrically using a dicationic palladium(II) source, [Pd(dppe)(PhCN)2](BF4)2, although 
this complex does not represent an oxidative addition intermediate in the cross coupling reaction 
(Figure 6).68 The reaction rates are measured by 1H NMR spectroscopy based on the relative 
ratio of the transmetalation complex with an internal standard. Since electron-donating 
substituents increased the rate of reaction, the authors proposed that transmetalation proceeds 
through an electrophilic substitution mechanism via a chelated Wheland intermediate. It can be 
envisioned that the transmetalation in a catalytic cross-coupling reaction may proceed through a 
similar mechanism. 
 
 
 
Figure 6. Hammett correlations for para-substituted aryl boronic acids with 
[Pd(dppe)(PhCN)2](BF4)2 (ρ = -0.54). 
 
 The interest in lowering the cost of Suzuki-Miyaura coupling reaction has promoted the 
investigation of nickel catalysts and aryl chlorides as replacements for palladium catalysts and 
aryl bromides and iodides. With the intents to understand these catalytic systems and to improve 
the efficiency of these reactions, Hammett analyses have been performed in some cases. In one 
report, an intriguing Hammett correlation was disclosed that suggested two different mechanisms 
of oxidative addition are possible depending on the substituent on the aryl chloride (Figure 7, eq. 
(a)).69 A gradient of 8.6 is observed for σ > 0.23, whereas a gradient of 0.59 is observed for σ < 
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0.23. In contrast, only one correlation is found for the reaction of using various arylboronic acids 
and the nucleophilicity of this reagent does not affect the overall rate (ρ = 0) (Figure 7, eq. (b)). 
These results suggest that the mechanism of this cross-coupling reaction is different to a typical 
palladium-catalyzed system and the rate determining step is not transmetalation. 
 
 
(a) aryl chlorides (b) arylboronic acid 
 
 
  
Figure 7. Hammett correlations for (a) 4-substituted aryl chlorides with phenylboronic acid (σ > 
0.23, ρ = 8.6; σ < 0.23, ρ = 0.59), and (b) 4-substituted arylboronic acids with chlorobenzene 
(ρ = 0). 
 
 
 An even more confusing result was reported for the nickel-catalyzed coupling reaction of 
aryl triflates with arylboronic acids (Figure 8).70 Although the common trend holds such that 
more-electron deficient electrophiles lead to faster reactions (eq. (a)), the fact that more electron-
rich aryl boronic acids lead to slower reactions is unexpected (eq. (b)). No conclusive remarks 
can be made because the identity of the pretransmetalation intermediate is unknown. Therefore, a 
hypothetical model for the aryl transfer from boronic acid to palladium cannot be formulated. 
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(a) aryl tolsylates (b) aryl boronic acids 
  
Figure 8. Hammett correlations for (a) 4-substituted aryl tosylates with 4-MeC6H4B(OH)2 and 4-
MeOC6H4B(OH)2  (ρ ≈ 1.8), and (b) 4-substituted arylboronic acids with 4-NCC6H4OTs, PhOTs, 
and 4-MeOC6H4OTs (ρ ≈ 0.8). 
 
 A potential pitfall for competition experiments conducted under catalytic conditions is 
that the electronic influence of the electrophilic coupling partners can be expressed in multiple 
steps. For a palladium-catalyzed cross-coupling reaction, the aromatic group derived from the 
electrophile is incorporated to the catalyst at the very first step. Assuming that reductive 
elimination is facile,71 the aryl substituent can affect both the oxidative addition and 
transmetalation steps.  
 Taking the above considerations into account, a competition experiment was reported that 
bypasses the oxidative addition step (Scheme 19).72 A mixture of arylzinc iodides is added to an 
palladium(II) complex obtained by oxidative addition of 4-chlorophenylbromide or 4-
cyanophenylbromide. The relative rate (kMe/kCOOEt) of the reaction in both instances suggests that 
an electron-deficient aryl zinc reagent transmetalates slower. 
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Scheme 19 
 
 The overall electronic effects of both coupling partners on the whole catalytic system of 
this Negishi coupling reaction were also investigated (Figure 9). The correlations conform to the 
common trend that electron-deficient aryl electrophiles and electron-rich aryl nucleophiles lead 
to fast cross-coupling reactions. The sensitivity of the substituent effect on the aryl bromide has 
also been elucidated, which follows the order of ortho < meta < para. 
 
(a) aryl bromides (b) arylzinc iodides 
 
 
Figure 9. Hammett correlations for (a) substituted aryl bromides with 4-tolylzinc iodide (ρ = 
2.25; R2 = 0.97), and (b) 4-substituted arylzinc iodides with 4-bromobenzonitrile (ρ = -0.98; R2 = 
0.97). 
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 In the foregoing examples, the Hammett study relies on competition experiments in an 
intermolecular sense. Organosilicon reagents offer the opportunity to carry out these experiments 
intramolecularly because two different aromatic groups can be installed on one silicon unit 
(Figure 10). Therefore, a direct comparison of the migratory aptitude from silicon to palladium 
can be made.  Unsymmetrically substituted diaryl(difluoro)silanes undergo fluoride promoted 
coupling to yield a mixture of biphenyl and substituted biphenyl.73 The negative slope (ρ = -1.5) 
of the Hammett plot indicates the electrophilic nature of the transmetalation (SE reaction) and an 
electron-donating para-substituent on the arylsilane moiety enhances the nucleophilicity of the 
aryl-silicon bond towards electrophilic attack by the phenylpalladium(II) iodide complex. A 
pitfall of this study is that the electronic effect of the substituent R can also affect the fluoride 
activation step prior to transmetalation. The influence of this substituent on the migratory 
aptitude of phenyl group is also unclear. 
 
 
 
 
 
 
 
 
Figure 10. Hammett correlation for unsymmetrically substituted diaryl(difluoro)silanes with 
bromobenzene (ρ = -1.5). 
 
2.2.2 Transmetalation Pathways of Aryldimethylsilanolate 
 The above examples implicate that to assume an unambiguous interpretation of Hammett 
relationship for the transmetalation step, it is crucial to have some knowledge regarding the 
intermediate participating in this process. In 2010, two pathways for the cross-coupling of 
aryldimethylsilanolate were unveiled from these laboratories, namely, thermal transmetalation 
via a neutral tetracoordinate silane (8-Si-4 pathway; eight valence electrons and four substituents 
on the silicon atom) and activated transmetalation via a pentacoordinated silane (10-Si-5 
pathway; 10 valence electrons and five substituents on the silicon atom) (Scheme 1).74 
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Scheme 20 
 
 
Treatment of arylpalladium bromide 18 with potassium silanolate K+17− provides a T-
shaped, three-coordinate palladium complex 19 featuring a Si-O-Pd linkage (Scheme 21). An X-
ray crystallographic analysis has unambiguously established the identity of this compound. The 
intermediacy of this complex in the catalytic cycle is confirmed by the observation of a first-
order decay (kobs = 4.7 × 10
-4 s-1) at 50 °C in toluene to form biaryl product 20. This result proves 
the competency of a neutral 8-Si-4 intermediate to undergo transmetalation thermally. The 
addition of an equivalent amount of silanolate K+17− to complex 19 causes a 10-fold increase in 
the rate of transmetalation (kobs = 5.0 × 10
-3 s-1). This result, taken together with the first-order 
dependence on silanolate concentration corroborates the activated transmetalation pathway. 
Further evidence of this second pathway is found by altering the cation of the silanolate salt; a 
higher rate is observed using cesium silanolate than using potassium silanolate. 
Scheme 21 
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In the preparative cross-coupling reaction, the activated pathway dominates over the 
thermal pathway for two reasons. First, the former pathway is intrinsically faster. Second, an 
excess amount of arylsilanolate is present with respect to palladium catalyst (5 mol %) and thus 
arylpalladium halide. 
 
2.3 Research Objectives 
 Although the mechanism of transmetalation for the palladium-catalyzed cross-coupling 
reaction of aryldimethylsilanolate has been unveiled, the electronic effect on the transfer of aryl 
group from this nucleophile to palladium(II) intermediate is still unknown. By harnessing the 
power of Hammett analysis, this aspect of the transmetalation step may be uncovered. 
 The ability to prepare pre-transmetalation intermediate 21 enables a direct investigation 
of the electronic influence of the electrophile and nucleophile represented by aryl bromide and 
aryldimethylsilanolate on the transmetalation step (Scheme 22). A notable distinction of this 
approach compared to Hammett study on the whole catalytic cycle is that the electronic effect of 
the electrophilic coupling partner is not expressed compositely through both oxidative addition 
and transmetalation. Accordingly, a number of arylpalladium(II) arylsilanolate complexes need 
to be prepared and the rate of transmetalation from these 4-Si-8 intermediates should be studied 
stoichiometrically.  The choice of aromatic substituents on both nucleophilic and electrophilic 
coupling partners should cover a range of electronic properties and should not have the potential 
to complicate analysis due to steric interaction (e.g. ortho-substituted) or coordination (e.g. 
cyano) to the reaction site.  
Scheme 22 
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2.4 Results 
 To begin the investigation of electronic effect on the rate of transmetalation, a T-shaped 
tri-tert-butylphosphinearylpalladium(II) bromide complex is needed. The 4-
(trifluoromethoxy)phenyl palladium(II) complex 22 was prepared by oxidative addition of the 
corresponding aryl bromide with (t-Bu3P)2Pd at 70 °C (Scheme 23). The HBr salt of tri-tert-
butylphosphine was added to catalyze this transformation.75 
Scheme 23 
 
 
 With the oxidative addition intermediate in hand, the electronic effect of the 
arylsilanolate on the transmetalation step can be examined. The pre-transmetalation 
intermediates 24 were prepared in situ by treatment of arylpalladium bromide complex 22 with 
0.95 equiv. of a solution of potassium silanolate K+23− in toluene at room temperature (Table 
11). The stoichiometry of this addition was designed to minimize premature transmetalation. 
These Si-O-Pd intermediates were generated rapidly as evidenced by the precipitation of 
potassium bromide and were sufficiently stable for full characterization by NMR spectroscopy at 
-30 °C in d2-methylene chloride. 
 Treating the (4-trifluoromethoxyphenyl)palladium(II) silanolate complexes 24a-c with an 
additional amount of arylsilanolate (1.05 equiv) initiates the activated transmetalation. The 
reaction was performed in duplicate and the average of the first-order decay rate constants (kobs) 
are presented in Table 11. The data showed that an electron-rich substituent R corresponds to a 
higher rate. A correlation was found by plotting the logarithm of relative rate against σ value of 
the para-substituent (Figure 11); a negative gradient was obtained (ρ = −1.11). 
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Table 11. Activated Transmetalation for Various Aryldimethylsilanolatesa  
 
entry silanolate R σp kobs (×10
-5 s-1)b relative rate 
1 K+23a− On-Bu -0.35 38.5 4.14 
2 K+23b− H 0 15.5 1.67 
3 K+23c− CF3 0.35 9.29 1 
 
 
 
Figure 11. Hammett correlation for aryldimethylsilanolates 
 
 Similarly, the experiments can be performed by altering the substituent derived from the 
aryl bromide while keeping the identity of the arylsilanolate constant (Table 12).76 A more 
electron-deficient substituent corresponds to a faster transmetalation. For example, the reaction 
for complex 26d bearing an electron-withdrawing trifluoromethoxy group is about two-fold 
faster than for complex 26a bearing an electron-rich methoxy group (entries 4 and 1). A positive 
trend was found from the Hammett plot (ρ = +0.50) (Figure 12). 
 
 
 
 
a Reaction conditions: ca. 25 mM in 22, ca. 50 mM in K+23− in toluene (0.8 mL). b Rate constants 
were determined by the first-order decay of arylpalladium silanolate complex 24 using Ph3P(O) as 
the internal standard. 
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Table 12. Activated transmetalation for various arylpalladium(II) silanolate complexesa 
 
entry 
silanolate 
complex 
R σp kobs(×10
-4 s-1)b relative rate 
1 26a OMe -0.27 1.94 1 
2 26b H 0 2.25 1.16 
3 26c F 0.06 3.47 1.79 
4 26d OCF3 0.35 3.85 1.98 
5 26e CF3 0.54 4.93 2.54 
 
 
 
Figure 12. Hammett correlation for arylpalladium(II) silanolate complexes 
 
 A more in depth consideration of the activated transmetalation pathway revealed that the 
electronic nature of the arylsilanolate can also be manifested in the pre-equilibrium as well as in 
the intrinsic transmetalation step that involves the formation of Caryl-Pd bond (Scheme 24). 
Specifically, the aryl substituent of the silanolate may influence the nucleophilicity of the 
oxyanion and the same substituent may also influence the electrophilicity of the silicon in the T-
shaped arylpalladium(II) silanolate complex 27. Obviously, these two aspects are at odds; an 
electron-rich aryl group would increase the nucleophilicity of the silanolate but attenuate the 
a Reaction conditions: ca. 25 mM in 25, ca. 50 mM in K+17− in toluene (0.8 mL). b Rate constants 
were determined by the first-order decay of arylpalladium silanolate complex 26 using Ph3P(O) as 
the internal standard. 
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electrophilicity of the pre-activated complex 27. These complications interfered with the accurate 
interpretation of the electronic effect on the transmetalation by the nucleophilic partner. To 
circumvent these problems, the amount of the silanolate used to activate the transmetalation 
should be increased until saturation kinetic behavior is achieved. The rate observed from such 
experiment should reflect the intrinsic rate of activated transmetalation. 
 
Scheme 24 
 
 
 The experimental data gathered by Dr. Russell Smith from these laboratories revealed 
that the addition of about four equivalents of arylsilanolate to palladium(II) complex 27 allowed 
the acquisition of kobs corresponding to saturation kinetic behavior.
76 The data presented as the 
relative rate between experiments using 2 and 4 equivalents of arylsilanolate is particularly 
informative (Table 13). Firstly, although there is an increase in the rate of reaction in the 
presence of additional amounts of the nucleophile in all cases, the extent is small. Secondly, the 
percentage of rate enhancement is different; a 29% increase was observed for the transmetalation 
from electron-rich 4-(n-butoxy)phenyl silanolate 23a while only 10% increase was observed for 
electron-deficient 4-(trifluoromethyl)phenyl silanolate 23c. Most importantly, the correlation 
between a faster transmetalation and a more nucleophilic arylsilanolate is confirmed. 
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Table 13. Activated transmetalation for various aryldimethylsilanolates taking account of pre-
equilibrium considerationa 
 
 
entry silanolate  R σp kobs(×10
-4 s-1)b,c relative rated 
1 23a On-Bu -0.35 3.88/5.00 1.29 
2 23b H 0 1.67/1.98 1.19 
3 23c CF3 0.54 0.90/0.99 1.10 
 
 
2.5 Discussion 
 The results garnered from the kinetic experiments enabled refined interpretation of the 
activated transmetalation pathway (Scheme 25). The putative pentacoordinated silicate 29 
generated from activation of the T-shaped arylpalladium(II) silanolate complex 28 is poised to 
undergo transmetalation because of increased electron-density donated to the arene. 
Additionally, the palladium is coordinatively unsaturated which facilitates the migration of the 
aromatic group from silicon by forming a π-complex. The negative gradient of the Hammett plot 
(ρ = −1.11) with respective to arylsilanolate is an outcome of faster transmetalation with more 
electron-rich silanolate. It is also suggestive of a mechanism involving development of a partial 
positive charge in the transition state of the nucleophilic moiety. Therefore, the delivery of the 
silicon-bound aromatic substituent likely proceeds through Caryl-Pd bond formation as depicted 
by 30 prior to Pd-O bond cleavage to generate the diarylpalladium intermediate and siloxane 
byproduct. The positive charge in the transition state can be stabilized by an electron-donation 
substituent (R2), which manifests to a faster transmetalation. Overall, the activated 
transmetalation pathway is consistent with an electrophilic aromatic substitution type mechanism 
(SEAr) that proceeds through an intramolecular and asynchronous fashion. 
  
a Reaction conditions: ca. 25 mM in 25b in toluene (0.8 mL). b Rate constants were determined by 
the first-order decay of arylpalladium silanolate complex 27 using Ph3P(O) as the internal standard.
 
c Rate constants for the experiments using 2 equiv. and 4 equiv. of silanolate.  d Ratio of rate 
constants. 
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Scheme 25 
 
 
 
 Similar analyses can also be applied to the aromatic group derived from aryl bromide. 
The positive gradient of the Hammett plot (ρ = +0.50) is a consequence of faster transmetalation 
with a more electron-deficient electrophile. In the transition structure 31, the Caryl-Pd bond 
forming event leads to an accumulation of the negative charge on the palladium. An electron-
withdrawing substituent (R1) can stabilize this charge. On the contrary, an electron-donating 
group would raise the energy barrier against aryl migration from silicon because the 
palladium(II) center is less electrophilic. 
When the quantity of nucleophiles was increased from 2 to 4 equiv, the extent of rate 
enhancement using electron-deficient arylsilanolate is less than that using electron-rich 
arylsilanolate (Table 13). This observation implies that the maximum rate of the reaction is 
achieved with a less amount arylsilanolate if the substituent R2 is electron-withdrawing. 
Therefore, the electrophilicity of the silicon in the 8-Si-4 intermediate has a more dominant 
impact on the pre-equilibrium than the nucleophilicity of the silanolate oxyanion in reaching the 
saturation point (Scheme 25). 
46 
 
 Although the electronic effects on transmetalation from both nucleophilic and 
electrophilic coupling partners were clearly demonstrated, the magnitude of which are small as 
indicated by the small ρ values. These results imply that the rate of cross-coupling reaction 
should not be too different for a given set of substrates. In fact, the preparative reactions for the 
coupling of para-substituted arylsilanolates and aryl bromides typically furnish the biaryl 
products in a similar timeframe (3-4 h). 
2.6 Conclusion 
 The ability to in situ generate the pretransmetalation intermediates has allowed the direct 
interrogation of the electronic demands of transmetalation. Electron-donating groups on the 
arylsilanolate and electron-withdrawing groups on the aryl bromide accelerate the 
transmetalation process. This conclusion is in accord to the findings from other palladium-
catalyzed aryl-aryl cross-coupling reactions. Importantly, Hammett analyses refined the 
mechanistic understanding of activated transmetalation of arylsilanolate, which involves an 
asynchronous and intramolecular SEAr-type pathway.  
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3 Enantioselective Cross-Coupling Reactions of Aryldimethylsilanolates and 
the Development of Chiral Bis-hydrazone Ligands 
 
3.1 Introduction 
 The ability of biaryl to exhibit optical activity even if there is a lack of stereogenic center 
has fascinated and puzzled chemists in the early 1900s.77 This phenomenon arises from hindered 
rotation about the aryl−aryl bond which was correctly explained by Christie and Kenner in 
1922.78 However, the value of chiral biaryl was not broadly recognized until the utility of 
enantiopure BINAP ligand was reported in asymmetric catalysis and the realization that it is the 
central feature in many natural products.79 
 Given the prevalence of this structural motif in nature, catalyst and ligand design, and the 
growing interest to exploit axial chirality in drug candidates, numerous strategies have been 
developed over the years for the preparation of chiral biaryl compounds.79-85 Apart from classical 
resolution, the techniques of desymmetrization and dynamic kinetic resolution have been applied 
to specific types of substrate with great success (Scheme 26).  
 
Scheme 26 
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Much endeavor in the last few decades have also been devoted to stereoselective 
synthesis of biaryls (Scheme 27).81 In the diastereoselective coupling category, chiral auxiliary 
approach in the forms of chiral ortho substituent and chiral tether has been demonstrated in 
natural product synthesis. The concept of chiral η6-metal complex has also been conceived as the 
controlling element for diastereoselective aryl-aryl coupling. The sequence of oxidative 
dimerization of prochiral enolates followed by aromatization has recently been reported to 
provide key biaryl intermediates to access axially chiral bisquinones.86,87 
 
Scheme 27 
 
 
The successful implementation of these strategies depends on factors including (1) a 
suitable substituent on the aromatic ring for the attachment of the auxiliary, (2) the appropriate 
location of the auxiliary to create a chiral environment and (3) an optimal auxiliary scaffold to 
maximize the diastereoselectivity of the coupling. These considerations often result in a tailored 
system to achieve high selectivity and can hamper the generality of the method. 
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The employment of a chiral ligand to assist transition-metal catalyzed biaryl synthesis 
obviates the need for a chiral auxiliary thus eliminating the inefficiency associated with its 
installation and removal, although this approach has not reached maturity to be broadly 
applicable to complex molecule synthesis.79,81 Among various strategies (Scheme 27), catalytic 
cross-coupling reaction has received the most attention likely because of its proven records in 
preparing a diverse range of non-chiral biaryl compounds. Despite the countless efforts in this 
research area, the application in the asymmetric manifold has only started to take off in recent 
years (Figure 13). The history, evolution and advance of this research field are summarized in 
the following section to provide a backdrop for this project. 
 
 
Figure 13. Number of publication for catalytic asymmetric biaryl coupling reaction since 1975. 
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3.2 Background 
3.2.1 Evolution of Catalytic Asymmetric Aryl-Aryl Coupling 
The possibility of ligand-controlled, catalytic, asymmetric synthesis of biaryls was first 
reported by Kumada and co-workers in 1975 and 1977 (Scheme 28).88,89 Although low yield and 
enantiopurity were obtained for (S)-2,2'-dimethyl-1,1'-binaphthalene, these reports inspired other 
research groups to strive for improvements.  
Scheme 28 
 
Interestingly, no major report emerged until 1988, perhaps due to the limited options for 
other chiral ligands at that time. Hayashi, Ito and co-workers showed that a monodentate 
phosphine ligand with a ferrocene framework dramatically improved the efficiency of the nickel 
catalyst (Scheme 29).90 Crucially, the methoxy group in the ligand was required for the 
asymmetric induction presumably through coordination to the magnesium ion of the Grignard 
reagent to form an organized complex at the transmetalation step. Replacement of the methoxy 
group with a hydrogen atom resulted in a total loss of asymmetric induction. The substitution 
patterns on the coupling partners can also influence the enantiomeric ratio (er) of the products. 
Higher enantioselectivity was observed for 2,2’-dimethyl substituted binaphthalene than the 
monosubstituted 2-methylbinaphthalene. 
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Scheme 29 
 
  The next major development appeared a decade later; the catalytic asymmetric Suzuki-
Miyaura coupling of binaphthyls was independently reported by the Cammidge91 and 
Buchwald92 research groups in 2000. The dimethylamino analogue of the ferrocenyl phosphine 
ligand (S)-(R)-PPFNMe is found to be more efficient than the methoxy substituted analogue (S)-
(R)-PPFOMe for asymmetric induction (Scheme 30). This result is interpreted in terms of the 
weaker coordinating ability of the oxygen compared to nitrogen atom, which may be required to 
activate the organoboron reagents toward transmetalation. However, this hypothesis cannot 
explain the higher yield obtained using (S)-(R)-PPFOMe ligand.  
 
Scheme 30 
 
 
The dimethylamino substituent is also an essential feature of the KenPhos ligand to 
catalyze the asymmetric Suzuki-Miyaura reaction (Scheme 31). Various chiral binaphthalenes 
bearing a phosphonate or a nitro group were synthesized in good enantiomeric purity. For the 
first time, chiral biaryls with these polar functional groups were employed and significant 
asymmetric induction was observed for the coupling of non-naphthyl derived substrates such as 
2-substituted phenylboronic acids and –halides. After a decade, the scope of this reaction was 
extended to include the amide functionality. Most importantly, a detailed computational study 
was performed to rationalize the origin of enantioselectivity.  
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Scheme 31 
 
 
In 2001, Miura et. al. reported palladium-catalyzed arylative carbon−carbon bond 
cleavage of α,α-disubstituted arylmethanols to yield sterically hindered biaryls (Scheme 32).93 
The extrusion of an acetone molecule provides the driving force for β-carbon elimination. In the 
absence of a 2-substituent on aryldimethylcarbinol, the alcohol hydroxyl group directs the C−H 
activation to give the corresponding products. Importantly, if a methoxy group is the 2-
substituent on the aryl bromide, the rate of reaction is enhanced. An example of the use of 
aryldimethylcarbinol in the synthesis of a chiral biaryl is illustrated using (R)-BINAP as the 
ligand (Scheme 32). 
Scheme 32 
 
 
In 2008, Fernández et. al. reported C2-symmetric bis-hydrazones as ligands for the cross-
coupling reaction of arylboronic acids (Scheme 33).94 Excellent enantioselectivities are achieved 
for a number of biaryls when the reactions are conducted at 20 °C. Although a prolonged 
reaction time (7 days) and an excess amount of the aromatic bromide (2.5 equiv) are needed. The 
undesired processes such as deborylation or homocoupling are not an issue at this temperature. 
The slow conversion was addressed simply by heating the reaction at 80 °C (< 17 h), albeit with 
some erosion in the selectivity.  
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Scheme 33 
 
 Noting the relatively low catalytic activity at room temperature and the limited scope in 
this work, the same group designed a novel class of P/N-hybrid ligand derived from C2-
symmetric hydrazine (Scheme 34).95 A number of challenging monocyclic and bicyclic aromatic 
bromides with ester and aldehyde groups afford moderate to good successes (77:23 - 92:8 er). 
The coupling of some aromatic triflates is also demonstrated. Compared to the bis-hydrazone 
catalyst system94, the present system is more efficient but is not necessarily more selective 
(Scheme 34).  
Scheme 34 
 
 
 As described in the introduction, the existence of axial chirality in biaryl compounds 
arises from hindered rotation. In terms of their preparation by cross-coupling reactions, a 
consequence is a high reaction barrier because of the congested substitution pattern of the 
coupling partners. In 2010, Tang et. al. described the preparation of extremely hindered biaryls 
such as 2,4,6-triisopropyl-2'-phenylbiphenyl in 95% yield at a 1 mol % palladium loading.96 The 
success was enabled by a P-stereogenic monophosphorus ligand and the non-racemic form was 
employed in the asymmetric Suzuki-coupling (Scheme 35).97 This ligand features a rigid 
oxaphosphole framework which defines the configuration of the phosphorous atom. This 
protocol allows the coupling of a number of aromatic bromides bearing polar functional groups.  
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Scheme 35 
 
 
In the preceding examples, the study of asymmetric coupling reaction either focuses on 
non-polar coupling partner or requires a polar functionality to maintain high enantioselectivity. 
None of the examples has demonstrated the ability to satisfy both demands with a single catalytic 
system. This feat was achieved to some degrees through the use of a polymer supported chiral 
imidazoindole phosphines (Scheme 36).98 For example, the highly hindered but non-polar 2,2’-
dimethylbinaphthalene was obtained in 95% yield and 97:3 er. The less hindered but more polar 
2-methyl-1-(2-nitrophenyl)naphthalene was obtained in 96% yield and 96:4 er. The catalyst PS-
PEG-L*-Pd can be recovered and reused four times without significant loss of catalytic activity 
or stereoselectivity. Aromatic iodides, bromides and even some chlorides are competent coupling 
partners. The PEG-free ligand is also effective under conditions in toluene. However, high 
loadings of reagents including arylboronic acid (5 equiv), palladium source/ligand (10 mol %) 
and TBAF (10 equiv) are required. 
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Scheme 36 
 
 
Reports on the use of chiral-diene ligands in palladium-catalyzed reactions are rare, 
possibly due to the perception of the low stability of diene-palladium complexes in the solution 
which can result in fast catalyst death.99,100 In addition, inadvertent functionalization of the 
alkene moiety of the ligand via Heck-type pathway could also be a concern. Nevertheless, stable 
diene-PdCl2 complex has been isolated for X-ray crystal structure characterization and used in 
the catalytic, asymmetric Suzuki-Miyaura coupling (Scheme 37).101 A number of aromatic 
halides having a 2-formyl group were studied because of its value in subsequent transformation. 
The reaction was conducted at 25 °C and moderate enantioselectivities are observed. An 
additional amount of chiral diene (15 mol %) is added to the reaction possibly due to the lability 
of the ligand. When an equimolar amount of the enantiomeric ligand is included in the reaction 
mixture, a racemic product was obtained indicating a fast ligand exchange.  
 
Scheme 37 
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 Interest in the use of metal nanoparticles (NPs) to promote catalytic transformations has 
increased in recent years.102,103 A first example in the realm of asymmetric aryl−aryl coupling 
appeared in 2008 (Scheme 38).104 The (S)-BINAP stabilized Pd-NPs are prepared by the 
reduction of K2PdCl4 with NaBH4 in the presence of this chiral ligand. This “nanocatalyst” is 
stable for several months. Notably, the superb catalytic activity of this system allows the 
coupling to proceed at a low catalyst loading (0.1 mol %) and at room temperature, thereby 
slightly improving the enantioselectivity compared to a catalytic system that depends on the use 
of palladium precatalyst (Scheme 38).105 
 
Scheme 38 
 
 
 An interesting study using helically chiral polymer in the asymmetric Suzuki-coupling 
was disclosed in 2011 (Scheme 39).106 The 1000mer-based ligand was prepared by living, 
random copolymerization of a chiral spacer bearing chiral (R)-2-butoxymethyl side chains and a 
phenylquinoxaline derived phosphine in ~950:50 ratio. The helical sense of the this polymeric 
ligand can be switched from (P) to (M) by simply heating it in a solution of 1,1,2-
trichloroethane/THF for 24 h. The reversed helicity inverts the asymmetric induction thus 
providing an easy access to the enantiomeric product, albeit with slight erosion in selectivity. In 
one example, the use of an aromatic chloride as the coupling partner is demonstrated.  
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Scheme 39 
 
 
 To date, the study of catalytic asymmetric aryl-aryl coupling usually focuses on aromatic 
bromides. The use of aromatic chlorides poses significant challenges because of increased 
carbon−halide bond strength19 in addition to overcoming the hindrance of the substrate. 
Therefore, catalyst loading is usually high. A catalytic system employing a chiral biaryl-based 
phosphine ligand with a pendent pentatolylbenzene moiety has shown high turnover numbers for 
the coupling of hindered biaryls (Scheme 40).107 Although limited scope was demonstrated, the 
catalyst loading is typically at the 0.5 mol % Pd level. Head-to-head substrate comparison to 
other system may be needed to justify the efficacy of this protocol. 
Scheme 40 
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In pursuit of more atom-economical carbon−carbon bond formation reactions, C−H 
activation has garnered tremendous interest from the chemical community in recent years.108,109 
The major benefit from such reaction is the elimination of the process involved in the preparation 
of halides or pseuodohalides required in the traditional cross-coupling. Perhaps because of the 
relatively low catalytic activity and the issue of site selectivity, the preparation of hindered chiral 
biaryls by this technology is particularly challenging, especially in the absence of a directing 
group. In 2012, Yamaguchi et. al. reported the first palladium-catalyzed asymmetric C-H/C-B 
coupling of various sulfur-containing heterocycles (Scheme 41).85 The reaction occurred 
regioselectively at the C(4) position. The addition of trifluoroacetic acid enhanced the 
enantioselectivity from the chiral ligand 2,2’-bis(2-oxazoline) 32.  
 
Scheme 41 
 
   
 In the same year, a novel class of biaryl-based monophosphine ligands was employed in 
asymmetric Suzuki-Miyaura coupling reactions (Scheme 42).110,111 The atropisomeric property 
of these ligands is engendered by a chiral-linker instead of steric obstruction of rotation. The 
preparation of these ligands is enabled by desymmetrization of 2,2’,6,6’-tetrahydroxybiphenyl 
via SN2 displacement of (R,R)-2,3-butanediol bis(mesylate) or related analogs. The streamlined 
synthetic route expedites the identification of the optimal ligand (R = Me, Aryl = 3,5-t-Bu2C6H3). 
An enantiomeric ratio up to 98.5:1.5 was reported which is a significant improvement from the 
KenPhos system (85.5:14.5 er).112  
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Scheme 42 
 
 
 
3.2.2 Mechanistic Hypotheses of the Stereodetermining Step and the Origin of 
Enantioselectivity 
Although detailed experimental study on the stereodetermining step (SDS) is lacking, 
some hypotheses have been proposed from the available data. In the Kumada-coupling reaction 
reported by Hayashi et. al., the stereodetermining step is thought to be the transmetalation step.90 
A very different stereochemical outcome is observed when 2-methyl substituent arises from the  
Grignard reagent rather than from the bromide (Scheme 43). Under the assumption that 
binaphthyl-nickel(II) intermediate does not undergo racemization, the SDS was thought to be the 
transmetalation. 
Scheme 43 
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In a case of Suzuki-Miyaura coupling using (R)-BINAP ligand, transmetalation was also 
suggested to be the SDS.91,113 Altering the identity of the boronate ester leads to 2,2’-
dimethylbinaphthalene with opposite configuration as the major product (Scheme 44). For 
example, the (R)-product was obtained using the pinacol ester, whereas the (S)-product was 
obtained with the ethylene glycol ester. This result implies that SDS is not reductive elimination 
because it involves a common diarylpalladium(II) intermediate. 
Scheme 44 
 
Establishing the SDS can be complicated by the ratio of palladium to ligand. Reversal of 
configuration is observed by Colobert et. al. when the amount of (R)-BINAP is increased  with 
respect to the palladium loading (Scheme 45).114 The authors propose a change in the mode of 
ligand coordination to palladium to account for this behavior.  
Scheme 45 
 
 A detailed computation study on the origin of enantioselectivity promoted by the 
KenPhos ligand (Figure 14) was reported by Buchwald et. al..112 Under the assumption that 
reductive elimination is the SDS, a number of geometrical and conformational isomers of 
diarylpalladium transition structures were located. The most stable of which showed three 
stabilizing hydrogen-bonding interactions involving the phosphonate of the substrate. The 
methyl substituent of the tolyl group is inclined away from palladium. This structure correctly 
predicted the sense of chirality of the biaryl product. 
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Figure 14. Origin of enantioselectivity promoted by the KenPhos ligand 
 
 The SDS for the coupling promoted by phosphine-hydrazone hybrid ligand was 
speculated based on the configuration stability of oxidative addition complex (Scheme 46).95 For 
the 1-naphthylpalladium bromide complex, free C−Pd bond rotation was observed at ~80 °C. 
Therefore, oxidative addition (OA) is not likely to be the SDS. In contrast, 2-methyl-1-
naphthylpalladium bromide complex exists as a 7:1 mixture of atropoisomers up to 80 °C. 
Treatment of this complex with 1-naphthylboronic acid afforded the coupled product in 80:20 er 
at room temperature similar to that obtained from the catalytic reaction (83:17). The 
stereochemical outcome of this coupling appears to be mainly controlled by OA. The authors 
concluded that the stereodetermining step may be substrate dependent in this system. 
Scheme 46 
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3.3 Research Objectives 
 At the inception of this project, only a few major discoveries were reported for the 
asymmetric aryl−aryl coupling reactions. Although recent years have witnessed the growth in 
activity in this research area, many catalytic systems still suffer from a number of drawbacks. 
First, the scope of the reaction (with respect to enantioselectivity) typically does not tolerate both 
polar and non-polar substrates. Second, extended reaction times are typically required at low 
temperature to increase enantioselectivity and product yield. Third, the origin of asymmetric 
induction by chiral ligands is not understood, except in rare cases. Fourth, the experimental data 
needed to decipher the stereodetermining step is lacking. Fifth, there is no report on arylsilicon 
reagent in catalytic asymmetric biaryl coupling. In view of these deficiencies, the goals of this 
project are divided into two categories: (1) to develop an enantioselective cross-coupling reaction 
of aryldimethylsilanolates and (2) to elucidate the stereodeteremining step. To achieve these 
objectives, the investigation was approached from multiple angles including ligand survey, 
ligand design, structure-selectivity relationship (SSR) study, molecular modeling and preparation 
of palladium complexes. The opportunity to access and study the pre-transmetalation 
intermediates, as demonstrated in Chapter 2, could facilitate the mechanistic investigation of 
stereodeteremining step. Therefore, aryldimethylsilanolate provides an appealing platform to 
study asymmetric aryl-aryl cross coupling reactions. Particular attention was devoted to the use 
of chiral bis-hydrazone ligands because of the relative novelty compared to phosphine ligands. 
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3.4 Results 
3.4.1 Initial Ligand Survey 
For the initiation of this project, a set of standard reaction conditions needs to be 
established for the ligand survey. Potassium 2-methylnaphthylsilanolate K+33− and 1-
bromonaphthalene 34 were chosen for the study (Scheme 47) because the cross-coupled product, 
2-methyl-1,1'-binaphthalene 35 has been used frequently as a benchmark substrate to gauge the 
effectiveness of the chiral ligand to control stereoselectivity. The coupling reaction using 
previously developed protocol (Chapter 1)115 at 90 °C only resulted in a small amount of desired 
product. Increasing the temperature to 110 °C allowed the isolation of 35 in 43% yield after 4 h. 
Consequently, initial ligand survey was conducted at this temperature. 
 
Scheme 47 
Me
Si
MeMe
OK
Br
+
(t-Bu3P)2Pd
(5 mol %)
toluene, 110 C
4 h
43%
0.3 mmol1.75 equiv
Me
+
naphthalene
2-methylnaphthalene
disiloxane
K+33– 34 35
 
 
 Because ferrocene-type phosphine ligands has been employed to promote asymmetric 
biaryl coupling to some successes in early reports,57,90,91,116 ligands with this structural feature 
that are available in these laboratories were investigated first (Table 14). Unfortunately, no 
enantioselectivity was observed in all cases. The use of some other bidentate ligands including 
(R)-BINAP also did not result in selective coupling. Variation on the biaryl-based ligand 
backbone such as (R)-Solphos and (R)-Segphos saw improvements in enantioselectivity of the 
coupled product. The partially saturated BINAP ligand, (R)-H8-BINAP, provided the highest er 
among this series of ligands. Intriguingly, the presence of both diphenylphosphine moieties may 
not be required because moderate enantioselectivity was observed using (S)-MOP. A later 
experiment showed that the coupling reaction can be conducted at a lower temperature (90 °C) 
with this ligand. Chiral diene ligands, although not commonly used in palladium-catalyzed 
reaction was found to provide substantial enantioselectivities echoing the findings by Lin et. 
al..101  
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Table 14. Initial ligand survey using various chiral ligands for the cross coupling of 2-
methylnaphthylsilanolate K+33−. 
 
Fe
Ph2P
PCy2
CH3
H
Fe
Cy2P
PCy2
CH3
H
Fe
Ph2P
PAryl2
CH3
H
Aryl = 3,5-(CH3)2C6H3
Fe
P
CH3
H
F3C
CF3
CF3
CF3
PPh2
Fe
PPh2
CH3
H
PPh2
EtOH
Fe
Ph2P
Ph2P
H NMe2
Fe
Cy2P
Cy2P
H NMe2
P P
HO
HO OH
OH
H H
2 OTf-
50:50 er
P
P
Me
Me
Me
Me
(R,R)-Me-DuPhos
49:51 er
P
P
Me
Me
Me
Me
O
(R,R)-Me-BozPhos
47:53 er
Me
PPh2
MeMe
(+)-NMDPP
46:54 er
OO
Me Me
Ph2P PPh2
(S,S)-DIOP
no product54:46 er
MeMe
PPh2Ph2P
(S,S)-BDPP
PPh2N
O
no product
Me
Si
Me OK
Me
Br
Me
1.75 equiv 0.25 mmol
[allylPdCl]2 (2.5 mol %)
Ligand (5 mol %)
toluene
110 °C
Me
+
(S)-35 (R)-35
+
PPh2
PPh2
(R)-BINAP
30:70 er34:66 er
PPh2
PPh2
O
O
O
O
PPh2
PPh2
(R)-SEGPHOS (R)-H8-BINAP
N
O
O
N
Me
Me
PPh2
PPh2
36:64 er
(R)-Solphos
50:50 er
NN
O
t-Bu
100 °C
43:57 er
Ph
Ph
H
H
70 °C
81:19 er
50:50 er
49:51 er
48:52 er 51:49 er
49:51 er 51:49 er 49:51 er
OMe
PPh2
(S)-MOP
38:62 er
Enantiomeric ratios were determined by CSP-SFC analysis on a Chiralpak OJ column.
K+33– 34
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 Following the identification of (S)-MOP ligand as promising lead in the asymmetric 
cross-coupling reaction and the flexibility to access its analogs,117 a more thorough investigation 
was conducted (Table 15). The reaction was allowed to proceed until full consumption of 
silanolate or until stalling. Lowering the temperature from 110 °C to 90 °C did not impact the 
yield or the enantioselectivity of the reaction (entries 1 and 2). Using 1,4-dioxane in place of 
toluene as solvent slows down the conversion, but increased the er marginally (entry 3). The 
presence of a phenyl group at the 3-position of the ligand has minor influence on the yield of the 
product but the enantiopurity of the product was reduced to 52:48 (entry 4). Whereas the use of 
electron-deficient ligand 38 slightly degraded the selectivity of the reaction, detectable and 
improved outcome was observed with the electron-rich analog 39 (entries 5 and 6). The steric 
effect of the aryl groups on the phosphine was also noted. The employment of 1-naphthyl 
substituted ligand 40 resulted in formation of the racemic product (entry 7). Interestingly, a slight 
reversal in the selectivity was observed with cyclohexyl substituted ligand 41 (entry 8). 
Unfortunately, both yield and enantioselectivity of this reaction were very low in addition to a 
significant amount of homocoupled product, 1,1’-binaphthalene. The influence of R2 substituent 
on the coupling reaction was studied briefly (entries 9-11). Replacing the methoxy group with 
(1-naphthalenyloxy)methylene unit has minimal impact on the er of (R)-35 and (S)-35, albeit at 
the expense of reaction time (entry 9). No beneficial effect was gained when a potential Pd-
coordinating substituent was installed at the R2 position (entries 10-11). Despite the efforts in 
systematic modification of the ligand, only moderate enantioselectivity was achieved (entry 6). 
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Table 15.  SAR and SSR studies for the cross coupling of 2-methylnaphthylsilanolate K+33− 
using MOP-type ligands 
 
 
 
entry ligand time (h) 35 (%)a 36 (%)
b er, 35 (R/S)c 
 1d 37 4 68 1 62:38 
2 37 4 69 1 61:39 
 3e 37 7.5 75 2 66:34 
4 42 22 56 6 48:52 
5 38 7.5 70 1 57:43 
6 39 4 76 1 68:32 
7 40 31 43 1 50:50 
8 41 12 29 13 46:54 
9 43 12 66 2 60:40 
10 44 22 49 3 55:45 
11 45 12 48 6 51:49 
 
 
 
  
 In view of the limited success found in mono- and bidentate chiral phosphine promoted 
asymmetric aryl-aryl coupling, the search for ligands of other types was initiated with the goals 
of improving reaction efficiency and enantioselectivity. Bis-hydrazone ligands, although far less 
used than the phosphine ligands, have found a number of applications in the palladium-catalyzed 
carbon-carbon bond forming reactions.118 These ligands have been touted for their stability 
toward oxygen and their ease of preparation in achiral forms. Accordingly, piperidine-based bis-
a Yield of chromatographed product taking into account of 1,1’-binaphthalene. b 
Percentage of 1,1’-binaphthalene in the chromatographed product estimated by CSP-SFC. 
c Ratio of (R)-35:(S)-35 determined by CSP-SFC. d Reaction was conducted at 110 °C. e 
Reaction was conducted in 1,4-dioxane. 
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hydrazone 46 was synthesized and employed under the previous coupling condition (Scheme 
48). The desired biaryl product was obtained in 84% yield in 2 h. The corresponding 2,3-
butanedione bis-hydrazone ligand 47 was ineffective possibility because of the acidic α-
hydrogen next to the hydrazone functional group that is incompatible with the basic silanolate. 
The encouraging result with 46 motivated the investigation of asymmetric cross-coupling using 
chiral bis-hydrazone ligands. 
Scheme 48 
 
 
3.4.2 Preparation of 2,5-Diarylpyrrolidine-based Bis-hydrazone Ligands 
 To date, only a limited number of chiral glyoxal bis-hydrazones has been documented in 
the literature (Figure 15).119-122 Among these variants, ligand 50 featuring (2S,5S)-
diphenylpyrrolidine moiety has shown promise to promote enantioselective biaryl coupling 
(Scheme 33).94 Despite the disclosure of this ligand and its potential modularity almost a decade 
ago,122 no analog with other 2,5-disubstituted pyrrolidines have emerged. To provide a context 
behind the lack of development, a retrosynthetic analysis focusing on this substructure was 
performed.  
 
Figure 15. Chiral glyoxal bis-hydrazone ligands.  
 
The first route under scrutiny was reported for the synthesis of (2S,5S)-
diphenylpyrrolidine bis-hydrazone 50 (Scheme 49, route a).122 The key step is the enantio- and 
diastereoselective reduction of 1,4-diphenyl-1,4-butanedione by a Corey-Itsuno protocol.123 
Inspection of this method revealed that the scope of the diketone is not explored extensively and 
it is not applicable to 2-naphthyl substituted diketone. Although these issues may be addressed 
by the use of a chiral cobalt catalyst,124 the reproducibility has been questioned.125 
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Noting the inability to install 2-naphthyl moiety at the 2- and 5-positions of the 
pyrrolidine in a stereoselective manner, an approach based on sequential allylic amination and 
ring-closing metathesis (RCM) has been demonstrated to meet this challenge (route b).125 A 
mild, albeit specialized condition is used for the reduction of 2,5-diaryl-2,5-dihydro-1H-pyrrole 
to avoid cleavage of allylic C-N bond. It is unclear if this method can be generalized for other 
aromatic substituted variants since only one example is reported. In addition, a large scale 
preparation may not be economical because of the cost of iridium and ruthenium catalysts 
required by this synthetic route. 
The third disconnection is based on α-arylation of protected pyrrolidine, which consists 
of three transformations: enantioselective deprotonation, transmetalation, and sp2-sp3 coupling 
(route c).126 This strategy has been applied to the preparation of a number of chiral 
phosphoramidite ligands.127  
Although the most expedient approach to build up pyrrolidine ring is through [3+2]-
cycloaddition (route d and e), a reliable stereoselective method for the preparation of 2,5-diaryl 
substituted analogs has not been developed.128-130  
 
Scheme 49 
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Evaluation of the above retrosynthetic schemes reveals that α-arylation (route c) is the 
only approach that has demonstrated generality towards non-racemic 2,5-diarylpyrrolidines.127 
Nevertheless, the critical bis-hydrazone ligand precursor, 1-amino-2,5-diarylpyrrolidine 51 
cannot be obtained directly. Therefore, this intermediate needs to be accessed through one of the 
three following methods: Hofmann-type rearrangement of the 1-carbamoylpyrrolidine,131 direct 
amination of pyrrolidine132 or reduction of 1-nitrosopyrrolidine (Scheme 50).133  
Because of the short synthesis by route (a) and the generality of α-arylation by route (c), 
these two synthetic plans were investigated for the preparation of chiral glyoxal bis-hydrazone 
ligands with 2,5-diarylpyrrolidine substituents. 
 
Scheme 50 
 
 
 
3.4.2.1 Synthetic Strategy Based on Corey-Itsuno Reduction of 1,4-Dione 
The investigation of route (a) began with Corey-Itsuno reduction of 1,4-diaryl-1,4-
butanedione 52 (Table 16).134 Using the protocol reported by Steel et. al.,123 the preparation of 
chiral diols 53 with various aromatic substituents was evaluated. Excellent enantioselectivities 
were observed for electron-rich and moderately electron-deficient substrates, whereas the 
diastereoselectivities were moderate (entries 1-3). The results for 3,5-bistrifluoromethylphenyl 
variant 53 were less satisfactory in both categories (entry 4). The best diastereoselectivity was 
obtained for the reduction of diphenyldione 52e (entry 5).123 
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Table 16. Stereoselective reduction of 1,4-diaryl-1,4-butanediones 52. 
 
entry diol time (h)a R yield (%)b dr (chiral:meso)c erc 
1 53a 3 4-MeOC6H4 82 78:22 >99:1 
2 53b 1 4-t-BuC6H4 83 80:20 99:1 
3 53c 1 4-F3CC6H4 85 84:16 >99:1 
4 53d 1 3,5-(F3C)2C6H3  47
d  63:37e  87:13e 
5 53e 1 Ph 99 91:9 >99:1 
 
 In view of the moderate diastereoselectivities, a modified protocol that employs tin(II) 
chloride and sodium borohydride was evaluated for the same set of diketones (Table 17).135 
Despite the higher reaction temperature, excellent enantioselectivities were maintained and 
higher diastereoselectivities were observed across the board. Notably, diol 53d was obtained in 
greater than 99:1 enantiopurity and the diastereoselectivity was improved from 63:37 to 79:21 
(entry 4). In general, the dr were ungraded to at least 98:2 by recrystallization except in the case 
of 4-t-BuC6H4 substituted diol 53b, in which the meso isomer was more crystalline. Analysis of 
the mother liquor showed a dr of 95:5.  
 Having established the preparation of the critical 1,4-diols 53a, 53c and 53d in high 
diastereo- and enantiopurities, their activation for subsequent reaction with hydrazine was 
studied. Electron-rich dimesylate 54a could not be obtained because of polymerization, and 
partial decomposition and epimerization of dimesylate 54b were observed.136Electron-deficient 
mesylate 54c was isolated in crystalline form. In contrast, 54d was obtained as an oil because of 
increased solubility in solvent due to presence of additional trifluoromethyl groups. 
Displacement of these dimesylates with hydrazine occurred smoothly to afford 1-
aminopyrrolidines, 55c and 55d. These compounds appeared to be oxygen sensitive and unstable 
a Reaction time after slow addition of the respective diketone; not optimized. b Yield of chromatographed product. c 
Determined by CSP-SFC.  d The diketone was not consumed in 1 h. e Determined through dibenzoate derivative. 
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to storage at ambient temperature, and were used shortly after their preparation. The 
condensation of 55c and 55d with glyoxal was carried out in two separate steps to provide the 
electron-deficient bis-hydrazone ligands 50c and 50d. A slightly elevated temperature was 
required to ensure condensation of 55d in a timely manner. 
 
Table 17. Stereoselective reduction of 1,4-diones 52 by a modified protocol and preparation of 
electron-deficient bis-hydrazone ligands 57a and 57b. 
 
entry diol R yield (%)a dr (chiral:meso)a,c er (x:x’)b,c 
1 53a 4-MeOC6H4 N/D
d, [69] 93:7, [99:1] 99:1 
2 53b 4-t-BuC6H4 92, [49] 90:10, [87:13] 99:1 
3 53c 4-F3CC6H4 N/D
d, [74] 89:11, [98:2] >99:1 
4 53d 3,5-(F3C)2C6H3 87, [53] 79:21, [>99:1]
e  >99:1e 
 
3.4.2.2 Synthetic Strategy Based on -Arylation of N-Boc-pyrrolidine 
 In view of the inability to reduce 1,4-bis(2-naphthyl)-1,4-dione123 and the instability of  
electron-rich dimesylates 54a and 54b, a new synthetic approach to a broader range of bis-
hydrazone ligands was explored. The investigation began with 4-methoxyphenyl and 2-naphthyl 
substituted N-Boc-(R)-2-arylpyrrolidine 63a and 63f (Scheme 51). These substrates were 
prepared by α-arylation of N-Boc-pyrrolidine through a sequence of enantioselective 
deprotonation mediated by (-)-sparteine, transmetalation to zinc chloride and palladium-
a Yield and diastereomeric ratio of chromatographed product and [after trituration or recrystallization]. b 
Enantiomeric ratio of chromatographed product. c Determined by CSP-SFC.  d The crude product was directly 
subjected to trituration or recrystallization. e Determined through dibenzoate derivative. 
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catalyzed sp3-sp2 coupling of aromatic bromides.126,127 The Boc protecting group was 
successfully removed for 58f using an excess amount of trifluoroacetic acid at room temperature 
for 8.5 h. Applying the same condition to the electron-rich 58a resulted in racemization and 
decomposition. This problem was addressed by a non-acidic Boc-removal protocol. Accordingly, 
treatment of 58a with a slight excess of iodotrimethylsilane at 0 °C yielded the deprotected 2-
arylpyrrolidine 59a in 93% yield.137,138 Nitrosation of this substrate with nitrosonium 
tetrafluoroborate139-141 took place in 1.5 h at 0 °C, but a higher temperature was required for the 
2-naphthyl analog 59f. The enantiopurity of 1-nitroso-2-arylpyrrolidine was confirmed at this 
stage by CSP-SFC analysis. For example, 58a and 60a were obtained in 92:8 and 91:9 er 
respectively in an earlier investigation. These results provided assurance that the stereointegrity 
of the substrate was preserved in the TMSI-mediated Boc deprotection. The reduction of 1-
nitrosopyrrolidines 60a and 60f by LAH in THF proceeded smoothly at 0 °C. Following the two-
step condensation protocol with glyoxal described earlier, the target bis-hydrazone ligands 63a 
and 63f were prepared successfully. Thus, a new synthetic route was developed for chiral bis-
hydrazone ligands having mono-aryl substituted pyrrolidine substituents.  
 
Scheme 51 
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 Because of the successful preparation of hydrazones 63a and 63f, the focus was shifted to 
analogs featuring C2-symmetric 2,5-diarylpyrrolidine moieties (Scheme 52). Towards this goal, 
hydrazone ligands 50 with various aromatic substituents were targeted. The α-arylation protocol 
developed by Campos et. al. was adopted in two consecutive sequences from N-Boc-pyrrolidine 
to provide N-Boc-(2R,5R)-diarylpyrrolidines 64.126 Slightly modified reaction conditions 
reported by Trost et. al. was applied to the second arylation; 20 vol % of toluene was added to 
improve the solubility of the organolithium intermediates and the temperature was raised to 60 
°C to promote the second Negishi-coupling of the organozinc intermediates that appeared to 
have low solubility in the co-solvent system.127 
 
Scheme 52 
 
 
 In general, the N-Boc-(R)-2-arylpyrrolidines 58 were obtained in acceptable yields 
considering that three transformations were involved (Table 18). The enantioselectivity of this 
process is high and ratios of 95:5 to 96:4 were achieved reproducibly. Two conformers were 
observed by 1H NMR spectroscopy because of the restricted rotation of the Boc group.  
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The second arylation was significantly more challenging and N-Boc-(2R,5R)-2,5-
diarylpyrrolidines 64 were obtained in less satisfactory yields (Table 18). A significant amount 
of the starting material was not consumed. For example, 58a was recovered in 64% yield. The 
low yields were also attributed to the difficulty in purification from unconsumed 58 or removal 
of a small amount of the corresponding dehydropyrrolidine. Nevertheless, this procedure 
provided a range of Boc-protected diarylpyrrolidines 64 without detectable amount of meso-
diastereomer. Restricted rotation was also observed for these compounds by NMR spectroscopy. 
The second α-arylation could not provide 1-naphthyl and 3,5-bis(trifluoromethyl)phenyl 
substituted pyrrolidines 64d and 64k (entries 7 and 8).  
 
Table 18. Preparation of N-Boc-2-arylpyrrolidine 58 and N-Boc-2,5-diarylpyrrolidine 64 
entry R refa yield (%)b erc refa yield (%)d 
1 4-MeOC6H4 58a 71 96:4 64a 18 
2 2-naphthyl 58f 61 96:4 64f  37g 
3 3,5-Me2C6H3 58g 56 96:4 64g  21 
4 3,5-Ph2C6H3 58h 61 96:4 64h 18 
5 2-tolyl 58i 54 95:5 64i 17 
6 5-Me-2-thienyl 58j ~47e 95:5 64j 13 
7 3,5-(F3C)2C6H3 58d  55
f  96:4f 64d trace 
8 1-naphthyl 58k 48 96:4 64k 0 
 
 
 
With a number of N-Boc pyrrolidines 64 in hand, the stage was set to reveal the 
unprotected C2-symmetric diarylpyrrolidines 65. Standard reaction conditions using 20 equiv of 
TFA afforded 65f, 65g and 65h in 81-93% yield (Table 19, entries 2-4). The reaction 
temperature and time required were dependent on the bulk of the aromatic group. The TMSI-
assisted deprotection was applied to substrates that were incompatible with acid-promoted 
deprotection (entries 1 and 5). The reaction was slower for hindered 2-tolyl substituted 64i and 
was conducted for 2 h. For 5-methyl-2-thienyl substituted pyrrolidine 64j, condition A also 
failed to provide the desired 2,5-diarylpyrrolidine 65j cleanly. A number of other deprotection 
conditions including HCl/Et2O, Ce(NH4)2(NO3)6, ZnBr2 or BF3Et2O were also not fruitful (Table 
a Reference number for compound. b Isolated yield after column chromatography and Kugelrohr 
distillation if necessary. c Determined by CSP-SFC. d Isolated yield after column chromatography 
and recrystallization if necessary. e Cannot completely purify by chromatography and Kugelrohr 
distillation.  f Determined through 3,5-dinitrobenzoate derivative. g Contains about 6% of the 
corresponding pyrroline. 
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20).142 Eventually, heat promoted decarboxylation (200 °C) allowed the isolation of desired 
product, although further optimization of the reaction time is required to improve the product 
yield (Table 19).  
 
Table 19. Preparation of 2,5-diarylpyrrolidine 65 and 1-nitroso-2,5-diarylpyrrolidine 66 
entry R refa temp. 
(°C) 
time 
(h) 
yield 
(%)b 
refa temp. 
(°C) 
time 
(h) 
yield 
(%)b 
1 4-MeOC6H4 65a  0
c 1 82 66a 0 2 96 
2 2-naphthyl 65f  0d 6 81 66f 22 2 92 
3 3,5-Me2C6H3 65g  0
d 2 86 66g 22 20 96 
4 3,5-Ph2C6H3 65h  0
d 6 93 66h 22 12 93 
5 2-tolyl 65i  0c 2  97f 66i 22 12 95 
6 5-Me-2-thienyl 65j  200e 18 ~64g 66j 0 0.25  57h 
 
Table 20. Attempted Boc removal from N-Boc-pyrrolidine 64j under various conditions. 
 
entry conditions observation 
1 TFA (20 equiv), CH2Cl2, 0 °C, 3 h total decomposition 
2 HCl (1 M), Et2O, rt, 1 h decomposition and product 
epimerization (65j + meso-65j) 
3 Ce(NH4)2(NO3)6 (20%), MeCN, 82 °C, 4 h no reaction 
4 ZnBr2 (2 equiv, sublimed), CH2Cl2, rt, 4 h 19% conversion, 65j:meso-65j = 
70:30 
5 BF3·Et2O (5 equiv), CH2Cl2, 0 °C, 2 h no reaction 
 
An excess amount of nitrosonium tetrafluoroborate (2 equiv) was used in the nitrosation 
step (Scheme 52 and Table 19) because of the increased steric demands from two flanking 
aromatic substituents in 65 compared to one in 2-arylpyrrolidine 59 (Scheme 51). Further 
adjustments of reaction condition were made according to the bulk of the aryl groups. For the 
relatively unhindered di(4-methoxyphenyl)pyrrolidine 65a, nitrosation proceeded at 0 °C in 2 h 
to provide 66a. In contrast, full consumption for the 2-naphthyl substituted analog 65f was 
a Reference number for compound. b Yield of chromatographed product. c Reaction condition A (TMSI) was applied. d 
Reaction condition B (TFA) was applied. e Boc was removed by heating at 200 °C under argon.  f Yield of crude 
product. g Cannot completely purify by chromatography.  h Yield after two steps. 
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achieved at 22 °C. The bulkier substrates required extended reaction times (12-20 h) (Table 19, 
entries 3-5). In general, the desired nitroso-2,5-diarylpyrrolidines 66 were obtained in excellent 
yields. 
The reduction of nitroso group was particularly challenging. Unlike the clean reduction 
of the mono-aryl nitrosopyrrolidine 60a and 60f by LAH (Scheme 51), no reaction was observed 
for nitroso-2,5-di(2-naphthyl)pyrrolidine 66f at 0 °C and severe decomposition was resulted at 
22 °C (Table 21, entries 1-3). Whereas no reaction was observed using titanium trichloride as the 
reductant at room temperature, cleavage of the N−N bond was observed at elevated temperature 
(60 °C) in addition to unidentified side products (entries 4 and 5). The reduction with zinc/acetic 
acid was slow and the product distribution favored the undesired diarylpyrrolidine 65f (entry 6). 
Reduction with sodium borohydride, borane or LiEt3BH did not yield any 
diarylaminopyrrolidine 67f (entry 7-10). 
 
Table 21. Attempted reduction of 1-nitrosopyrrolidine 66f with various reductants 
 
entry condition solvent 
temp. 
(°C) 
time 
(h) 
observation 
1 LAH (1.5 equiv) THF 0 1 no reaction 
2 LAH (0.5 equiv) THF rt 4 66f + side products 
3 LAH (1.5 equiv) THF rt 4 side products 
4 TiCl3 in 3% HClaq (4 equiv) THF rt 20 no reaction 
5 TiCl3 in 3% HClaq (4 equiv) THF 60 20 65f + side products 
6 Zn (2 equiv), HOAc (4 equiv) THF rt 18 66f:67f:65f = 74:8:18 
7 NaBH4 (2 equiv) MeOH rt 2 no reaction 
8 NaBH4 (2 equiv) THF rt 2 no reaction 
9 H3B-THF (2 equiv) THF rt 2 no reaction 
10 LiEt3BH (2 equiv) CH2Cl2 rt 2 no reaction 
 
The most promising results were obtained using DIBAL-H as reductant (Table 22).143 
Longer reaction times led to a decrease of desired product 67f and an increase in the amount of 
1,2-di(2-naphthyl)cyclobutane 69 and 2-ethenylnaphthalene 70 (entries 1 and 2). Doubling the 
stoichiometry of reductant marginally improved the product ratio (entry 3) but complicated the 
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aqueous work-up because of greater amount of gelatinous aluminate. The conversion of 66f in 
polar solvent was slower and gave 69 as the dominant product. No N−N cleavage product 65f 
was observed in any case. 
 
Table 22. Reduction of N-nitroso-2,5-dinaphthylpyrrolidine with diisobutylaluminum hydride. 
 
entry DIBAL-H (equiv) solvent time (h) 66f:67f:69:70 
1 2 CH2Cl2 2 44:47:9:1 
2 2 CH2Cl2 14 52:8:28:12 
3 4 CH2Cl2 2 39:56:5:0 
4 2 THF 2 66:5:25:4 
 
An alternative approach relying on electrophilic amination was also briefly tested. Thus, 
O-(4-nitrobenzoyl)hydroxylamine132 was added to a solution of diarylamine 65f in the presence 
of sodium hydride in DMF or THF (Scheme 53). Only a small amount of 67f was observed after 
7 h and small amounts of side products 69 and 70 were also present. No reaction was detected 
when Et3N and DMAP were used as the base. 
 
Scheme 53 
 
 
 Although a perfect solution has not been found for the preparation of 2,5-
diarylaminopyrrolidine 67, DIBAL-H reduction of diarylnitrosopyrrolidines have delivered the 
most promising results among these studies. Therefore, the reaction was stopped at 2 h to 
minimize decomposition of the desired product 67 and the unconsumed nitrosopyrrolidine 66 can 
78 
 
be recycled. For example, reduction of 66f by a hexanes solution of DIBAL-H at ambient 
temperature in methylene chloride afforded a 51% yield of the desired aminopyrrolidine 67f 
(Table 23, entry 2). The unconsumed 66f was recovered in 38% yield and was subjected to a 
second round of reduction (52%). Other diarylaminopyrrolidines were prepared successfully 
with the same procedure except for 2-tolyl analog 67i. The two-step condensation proceeded 
well in general at room temperature, affording various chiral bis-hydrazone ligands 50 featuring 
diaryl substituted C2-symmetric pyrrolidine scaffold. The moderate yield of ligand 50h was a 
result of partial decomposition of 1-aminopyrrolidine 67h which led to incomplete consumption 
of imino-aldehyde 68h. 
 
Table 23. Preparation of 2,5-diarylpyrrolidine based bis-hydrazone ligands 50 from 1-amino-
2,5-diarylpyrrolidine 67. 
 
entry R refa yield (%)b refa yield (%)b refa yield (%)b 
1 4-MeOC6H4 67a 47 68a  99
j 50a 84 
2 2-naphthyl 67f 51 68f 94 50f 87 
3 3,5-Me2C6H3 67g 58 68g 84 50g 83 
4 3,5-Ph2C6H3 67h 43 68h 87 50h  59
e 
5 2-tolyl 67i  78c 68i ~88d 50i 43 
6 5-Me-2-thienyl 67j 47 68j 99 50j  82f 
 
 
 
The reduction of di(2-tolyl)nitrosopyrrolidine 66i required further investigation since no 
reaction was observed in the presence of DIBAL-H. The use of LAH resulted in decomposition 
in addition to the formation of meso-67i. Fortunately, the reduction with Zn/HCl provided the 67i 
as the major product accompanied by some over-reduced diarylpyrrolidine 65i (83:17) (Scheme 
54). Because of the difficulty in separating these amines, this mixture was subjected directly to 
the step-wise condensation with glyoxal to furnish bis-hydrazone 50i. 
 
  
a Reference number for compound. b Yield of chromatographed product. c Estimated yield; reduction was 
carried out by a Zn/HCl protocol; see Scheme 54. d A small amount of hexanes adsorbed. e 67h partially 
decomposed and so 68h was not consumed. f Reaction time was 21 h.  
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Scheme 54 
 
 
 
 In summary, synthetic route (a) (Scheme 49) allowed the preparation of bis-hydrazone 
ligands 50 with electron-deficient aromatic substituents. The scope was complemented and 
expanded to include electron-rich and sterically hindered analogs via synthetic route (c). 
 
 
3.4.3 Bis-hydrazone Ligand with a Dimethylmethide Linker 
 The synthesis of bis-hydrazone ligand 72 with a dimethylmethide linker followed the 
sequence presented for Table 17. The requisite (1R,4R)-1,4-diphenylbutane-1,4-diol was 
prepared through Corey-Itsuno reduction of the corresponding diketones according to the method 
of Steel in high diastereo- and enantioselectivities after recrystallization (99:1 or greater) 
(Scheme 55).123 The activated dimesylate 54e was treated with hydrazine to afford 1-
aminopyrrolidine 55e in excellent yield. Two-step condensation of 55e with 2,2-
dimethylmalonaldehyde prepared from Dess-Martin periodinane144 oxidation of neopentylglycol 
provided target ligand 72. 
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Scheme 55 
 
 
 
3.4.4 Bis-hydrazone Ligand Derived from (R,R)-Bis(α-methylbenzyl)amine 
 The preparation of acyclic bis-hydrazone 74 (Scheme 56) commenced with nitrosation of 
commercially available (R)-bis((R)-1-phenylethyl)amine.145 Sodium-metal reduction of 
nitrosoamine 72 in ethanol at reflux afforded the desired 1,1-bis((R)-1-phenylethyl)hydrazine 
and over-reduced product in 84:16 ratio.145 This mixture was subjected to a substoichiometric 
amount of glyoxal to provide chiral bis-hydrazone 74. 
 
Scheme 56 
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3.4.5 Attempted Condensation of 1-Aminopiperidine with Various 1,2-Diones 
 Up to this juncture, the union of the two hydrazone moieties was facilitated by 
condensation of glyoxal with the respective 1-aminopyrrolidine. It was hypothesized that 
changing the bridging unit may alter the property of the bis-hydrazone ligand. For example, a 
rigid linker could enforce ligand coordination to a metal center in a bidentate manner. Therefore, 
condensation of a number of 1,2-dicarbonyl compounds with 1-aminopiperidine as the model 
hydrazine was investigated. Four commercially available diketones, 9,10-phenanthrenequinone, 
acenaphthenequinone, benzil and 1,3-butanedione were selected for the study. Among these 
candidates, only 1,3-butanedione yielded the desired bis-hydrazone 75 in 43% yield after 
recrystallization (Scheme 57). Other 1,2-diketones studied generally led to a complex mixture 
(Scheme 58). 
Scheme 57 
 
 
Scheme 58 
 
 
3.4.6 Binaphthalene-Based Bis-hydrazone Ligands 
 Inspired by the structural feature of binaphthalene-based phosphine ligands such as 
BINAP, a novel type of bis-hydrazone ligand was proposed (Scheme 59). Adopting the reported 
synthetic route for phase-transfer catalysts, bis-hydrazone 79 was prepared in 6 simple steps.146 
Triflation of (S)-BINOL followed by Kumada-coupling of methylmagnesium iodide gave (S)-
2,2'-dimethyl-1,1'-binaphthalene. Radical bromination of this substrate was followed by 
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cyclization with excess hydrazine to provide aminoazepine 76. Stepwise condensation of 76 with 
glyoxal completed the synthesis of 79. The condensation with picolinaldehyde yielded 
hydrazone/pyridine hybrid ligand 78.  
 
Scheme 59 
 
 
 The preparation of 3,3’-diphenyl substituted ligand 82 was significantly more involved 
(Scheme 60). The critical dibromide intermediate 80 was synthesized according to the procedure 
reported by Maruoka et. al..146 Condensation of glyoxal with aminoazepine 81 derived from 
dibromide 80 in two successive sequences provided bis-hydrazone 83 in good yield. The 
exclusion of oxygen is important for the second step to minimize decomposition of 
aminoazepine 81 that yields the non-polar side product 84. 
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Scheme 60 
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The modification of bis-hydrazone ligand of parent ligand 79 with 2,7-substituents were 
also considered (Scheme 61). The corresponding aminoazepine 85 may be accessed through 
direct amination of azepine 86 or via reduction of nitrosamine 87.  The installation of 2,7-
substituents can be accomplished by diastereoselective alkylation of an formamidine derivative 
90 (route a). The 2,7-dialkyl-substituted nitrosoazepine 87 can be obtained more directly if 
double alkylation is possible with nitrosoamine 89 (route b). 
 
Scheme 61 
 
 
 Nitrosoazepine 89 required for the study of diastereoselective dialkylation was readily 
prepared from dibromide 92 by a sequence of cyclization/deallylation/nitrosation (Scheme 
62).146,147 This nitrosamine was subjected to methylation in the presence of excess potassium 
hydride and methyl iodide. This procedure gave a complex mixture of mono- and doubly 
methylated products and side products.147,148 
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Scheme 62 
 
 
The methylation was also investigated in a one-pot, two-step sequence of deprotonation 
and methylation (Scheme 63). In addition to the formation of mono-methylated product 92, a 
second product tentatively assigned as 2,2-dimethylnitrosoazepine 93 was observed. 
 
Scheme 63 
 
 
 
Further investigation was carried out using methyllithium as the base (Scheme 64). Under 
strictly controlled temperature, for the singly methylated nitrosoamine 92 was isolated with a 
diastereomeric ratio of 99:1. An initial exotherm was minimized by running the reaction at a 
dilute concentration.  
 
  
86 
 
Scheme 64 
 
 
 
 Under the same reaction conditions, the second deprotonation/methylation was 
unsuccessful. The use of a stronger base such as tert-butyllithium for the deprotonation of 92 led 
to total decomposition (Scheme 65).  
 
Scheme 65 
 
 
 Because of the difficulty in second methylation of nitrosoazepine 92, 
dimethylnitrosoazepine 94 was prepared from a less direct approach (route a) based on 
sequential diastereoselective alkylation of formamidine azepine 95 reported by Meyers and 
Widhalm (Scheme 66).149,150 
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Scheme 66 
 
 
 
 
 With 2,7-dimethylnitrosoazepine 94 in hand, the preparation of the corresponding 
aminoazepine 96 was investigated (Scheme 67). The reduction of nitroso functional group with 
LAH led to a mixture of unrecognizable products. The naphthyl moiety was apparently 
incompatible with sodium-metal mediated reduction. 
 
Scheme 67 
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An alternative method using zinc powder/acid generally led to N-N cleavage product 95 
(Table 24). The amount of 95 was dependent on solvent system. Higher conversion was observed 
in THF and in the absence of water than was in ether or its mixture with water (entries 1-4). 
Doubling the amount of zinc and acetic acid enable full conversion of 94 (entry 5). A small 
amount of desired 1-aminoazepine 96 was observed by replacing acetic acid with conc. HCl 
(entry 6), but the same conditions in Et2O failed to yield any 96. It is unclear at this point if the 
use of anhydrous HCl could change the product distribution between 96 and 95 or simply 
increase the conversion. 
 
Table 24. Attempted reduction of nitroso group by a mixture of zinc powder and acid. 
 
entry Zn/Acid (equiv) solvent 94:95:96a 
1 Zn/HOAc (3.8/11.4) H2O-THF (1/5) 47:52:0 
2 Zn/HOAc (3.8/11.4) H2O-Et2O (1/5) 59:41:0 
3 Zn/HOAc (3.8/11.4) THF 18:82:0 
4 Zn/HOAc (3.8/11.4) Et2O 55:45:0 
5 Zn/HOAc (7.6/22.8) THF 0:100:0 
6 Zn/conc. HCl (3.8/11.4) THF 59:24:17 
7 Zn/conc. HCl (3.8/11.4) Et2O 73:27:0 
 
 
 The Zn/HOAc reduction protocol also appeared to be dependent on the structure of the 
nitrosoamine (Scheme 68). Compound 89 without the two methyl substituents at the 2- and 7-
positions of the nitrosoazepine was fully consumed in 6 h to produce a mixture of azepine 91 and 
aminoazepine 76 (65:35). 
Scheme 68 
 
  
a Relative ratio estimated by 1H NMR spectroscopy normalized to a sum of 100.  
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 A somewhat more promising result was observed when titanium trichloride was used as 
the reductant (Scheme 69).151 The potential side product due to N-N bond cleavage was not 
observed, but a small amount of nitrogen-elimination product 97 was produced.  An attempt to 
prepare the target ligand using this mixture was unsuccessful. Ethylvinylbinaphthalene 97 and 
nitrosoazepine 94 were isolated. No 1-aminoazepine 96 was obtained. 
 
Scheme 69 
 
 
The direct amination approach was briefly studied with O-(4-
nitrobenzoyl)hydroxylamine (Table 25).132 The relative ratios provided for 94, 96 and 97 are 
intended for qualitative comparison between various reaction conditions since small amount of 
unidentified side products are also present. The desired 1-aminoazepine 96 was observed when 
the reaction was conducted in THF in the presence of potassium tert-butoxide. 
Ethylvinylbinaphthalene 97 became the dominant product in polar solvent such as NMP or when 
the base was replaced with proton sponge. The best basic additive appeared to be DBU. 
However, extended reaction times led to degradation of the desired product as suggested by the 
growth of side product 97. Alternative source of “NH2
+” such as (aminooxy)sulfonic acid or 
NaOCl/NH4OH were not as effective (Scheme 70). 
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Table 25. Attempted direct amination using O-(4-nitrobenzoyl)hydroxylamine 
 
entry base solvent time (h) 94:96:97a 
1 KOt-Bu THF 3 51:35:14 
2 KOt-Bu NMP 3 49:0:51 
3 proton sponge THF 3 c 
4 DBU CH2Cl2 3 46:50:4 
5 DBU CH2Cl2 20 29:20:51 
6 DBU THF 20 30:20:50 
7 Et3N
b THF 20 36:9:55 
 
 
Scheme 70 
 
 
 A final strategy based on Hoffman-type rearrangement of carboxamide 98 was briefly 
explored (Scheme 71).131 However, no reaction was observed in these cases. 
 
Scheme 71 
N
Me
Me
NH2NH
Me
Me
KOCN (1.5 equiv)
HCl (1.2 equiv, 1 M)
H2O-THF
rt, 24 h
N
Me
Me
O
NH2
94:98
7:93
condition
condition:
1. NaOCl (1.16 equiv)
NaOH (5.25 equiv, 3.5 M)
EtOH or THF, rt
2. NaOCl (3 equiv)
NaOH (12.6 equiv, 3.5 M)
Bu4NCl (0.2 equiv)
CH2Cl2, rt
94 98
 
  
a Relative ratio estimated by 1H NMR spectroscopy normalized to a sum of 
100. b 2.4 equiv. c Observed 94 and other unknown side products. 
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3.4.7 Attempted Preparation of Other Bis-Hydrazone Ligands 
3.4.7.1 2,5-Dicyclohexylpyrrolidine-based Bis-hydrazone Ligand 
 Given the successful preparation of various arene-substituted hydrazone ligands 50, 
knowledge garnered from these experiences was applied to evaluate the synthetic routes toward 
the cyclohexyl derivative 99. The vital issue to be addressed is the installation of the stereogenic 
centers both enantio- and diastereoselectively. From the outset, the option of (-)-sparteine-
assisted stereoselective deprotonation and α-functionalization of N-Bocpyrrolidine was 
eliminated (Scheme 72). Beak et. al. has demonstrated that alkyl halides, except methyl iodide, 
are not suitable electrophiles due to competitive elimination.152,153 Therefore, other options were 
considered, including: (a) stereoselective reduction of 1,4-dicyclohexylbutane-1,4-dione, (b) 
hydrogenation of 1-amino-2,5-diphenylpyrrolidine and (c) hydrogenation of 1,4-
dicyclohexylbutane-1,4-diol (Scheme 73). Each of these routes was evaluated. 
 
Scheme 72 
 
 
 
Scheme 73 
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Route (a) 
 The investigation of this synthetic route toward hydrazone ligand 99 began with the 
preparation of 1,4-dicyclohexylbutane-1,4-dione 100 by oxidative coupling of the enolate 
generated from methyl cyclohexyl ketone and a stoichiometric amount of copper(II) chloride 
(Scheme 74).154 The desired diketone 100 was obtained in 29% isolated yield after Kugelrohr 
distillation. The major side product was the unreacted methyl cyclohexyl ketone. 
 
Scheme 74 
 
 
 To establish the enantio- and diastereomeric purity of the 1,4-dicyclohexylbutane-1,4-
diol 101 for the asymmetric reduction of the diketone 100, the racemates (R,R)-101, (S,S)-101 
and meso-101 were obtained by sodium borohydride reduction of 100 in quantitative yield 
(Scheme 75). 
Scheme 75 
 
 
 Due to the lack of chromophore for UV detection, these diols were derivatized for CSP-
SFC and CSP-HPLC analysis to develop a condition for the separation of the three 
stereoisomers. Accordingly, diol 101 was treated with various aromatic acid chlorides in the 
presence of base to prepare the corresponding diester (Table 26). Only a trace amount of 
benzoylation took place in dichloromethane due to the low solubility of diol 101 (entry 1). 
Hence, the solvent was replaced with THF to improve the solubility (entry 2). However, only 
trace amount of desired product was detected likely due to the steric hindrance of the cyclohexyl 
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moiety. Elevation of the reaction temperature for an extended period allowed the isolation of the 
dibenzoyl ester in low yield (entry 3). Ultimately, the best conditions were found by conducting 
the experiment in pyridine in the presence of DMAP to achieve full conversion (entry 4). Other 
aromatic ester derivatives were also briefly examined without further optimization of reaction 
time or condition (entries 5-9) either because of low solubility for analysis purposes or 
insufficient separation of the stereoisomers by CSP-SFC and CSP-HPLC, despite extensive 
effort. 
 
Table 26. Derivatization of 1,4-dicyclohexyl-1,4-butandiol with aromatic acid chloride 
 
entry R 
RC(O)Cl 
(equiv) 
solvent 
Et3N 
(equiv) 
temp. 
(°C) 
time 
(h) 
yield 
(%) 
 1a C6H5 2.4 CH2Cl2 2.4 rt 7 trace 
2 C6H5 2.4 THF 2.4 rt 4 trace 
3 C6H5 2.4 THF 2.4 reflux 20 29 
4 C6H5 2.4 pyridine - 65 18 b 
5 4-O2NC6H4 2.2 pyridine - 65 5 ~53
c 
6 3-MeOC6H4 2.05 pyridine - 65 3 65 
7 2-naphthyl 2.05 pyridine - 65 3 48 
8 3,5-(O2N)2C6H3 2.2 THF 20 rt 3 38 
9 3,5-(O2N)2C6H3 2.05 pyridine - 65 18 68 
 
 To ensure sufficient solubility of the diester derivative and to improve the chance of 
separation on chiral stationary phase, Mosher’s ester of the diol was envisioned.154,155 The 
presence of trifluoromethyl group and the additional stereocenters could potentially satisfy both 
criteria. With this plan in mind, the ester functionalization was performed using pyridine as the 
solvent and base with DMAP as the Lewis-base catalyst (Scheme 76). In 3 h, the desired product 
was isolated in 70% yield. The installment of stereogenic centers from the Mosher’s acid 
chloride offers an additional opportunity to decipher the ratio of the diastereomers by 1H or 19F 
NMR spectroscopy. Analysis of the relative relationship between the stereogenic centers reveals 
a No DMAP was added. b Full conversion  c Contaminated by ~5% DNB anhydride. 
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that four sets of chemical shifts for the methoxy group or trifluoromethyl group are expected if 
all three diastereomers are present (Scheme 77). The Mosher’s diester derived from meso-101 is 
expected to give two methoxy and two trifluoromethyl NMR signals because of the different 
relative configuration between the pairs of stereogenic centers, (S,R) and (S,S). Unfortunately, 
the NMR signals were not sufficiently resolved on a 500 MHz instrument for interpretation. 
After extensive efforts, baseline separation of all three esters derivatives was found by resorting 
to AD-H column on a HPLC system. As anticipated, the chromatogram produces three peaks. 
The ratio in the order of retention time was 36:35:29 for an average of two runs. Therefore, the 
first two peaks were assigned to esters derived from the enantiomeric diols (S,S)-101 and (R,R)-
101 and the last peak was assigned to ester derived from meso-101. All achiral columns available 
in these laboratories failed to provide adequate separation of these diastereomeric esters.  
 
Scheme 76 
 
Scheme 77 
 
 
 With an analytical method in hand, stereoselective reduction of 1,4-dicyclohexyl-1,4-
dione 100 by two Corey-Itsuno reduction protocols was investigated. Standard reaction condition 
involving pre-generation of the diphenylprolinol-methylborate catalyst and the use of dimethyl 
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sulfide-borane complex as the reductant provided the target diol in 87% yield (Scheme 78).123 
The modified protocol involves the use of tin(II) chloride and sodium borohydride to generate 
the active catalyst and the latter as the source of stoichiometric reductant.135 Although the desired 
product was observed, a significant amount of unidentified side products were also formed. 
 
Scheme 78 
 
 
 The diol (R,R)-101 obtained from the standard reduction condition was derivatized as the 
Mosher’s ester described previously and subjected to CSP-HPLC analysis (Scheme 79). 
Although the diastereomeric ratio of the corresponding chiral and meso diols (85:15) was within 
acceptable range, the enantiomeric ratio was very poor (57:43). These disappointing outcomes 
suggest that a new synthetic route towards the cyclohexyl substituted bis-hydrazone ligand 99 
needs to be explored. 
Scheme 79 
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Route (b) 
 The second strategy takes advantage of the readily obtained 1,4-diphenylbutane-1,4-diol, 
53e in high enantio- and diastereomeric ratio (Scheme 80).123 The substrate required for the 
study of arene hydrogenation, (2S,5S)-2,5-diphenylpyrrolidin-1-amine 55e, was also readily 
prepared in two simple steps from diol 53e (Scheme 55).122  
Scheme 80 
 
 Although numerous arene-hydrogenation catalysts have been reported, many of which 
required either specialized ligands or multistep preparation of the pre-catalyst.156 Furthermore, 
the lack studies on the active catalytic species casted doubt on the claim of many 
“homogeneous” systems.157,158 For these reasons, attention was shifted to hydrogenation by 
nanoclusters. The source of catalyst and additive required are often commerically available or 
readily prepared. Reduction focusing on the aromatic moiety has also been reviewed.157 Thus, 1-
aminopyrrolidine 55e was subjected to rhodium-catalyzed hydrogenation in the presence of 
Aliquat 336® as a phase-transfer catalyst and as a surfactant to stabilize rhodium nanoparticles 
(Scheme 81).159,160 The reaction was conducted in a mixture of H2O/CH2Cl2 under 60 psi of 
hydrogen atmosphere at room temperature. No reduction of the phenyl moiety was observed and 
1-aminopyrrolidine 55e was partially decomposed to 1,2-diphenylcyclobutane based on 
comparison of the literature data.161,162 
Scheme 81 
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 Suspecting that the amino group may be the source of substrate instability and its 
potential interference with the active site of rhodium catalyst, the amine was protected as tert-
butoxycarbamate (Boc), albeit in only 32% yield (Scheme 82). Although full conversion was 
achieved in this reaction, a substantial amount of side products were generated under the 
unoptimized reaction condition. Fortunately, sufficient material was obtained to allow re-
examination of the arene-hydrogenation,159,160 but no desired product was observed. 
Scheme 82 
 
 
 
Route (c) 
 The potential incompatibility of amino group to the hydrogenation condition described 
earlier prompted the investigation of the arene-hydrogenation of the precursor (1R,4R)-1,4-
diphenylbutane-1,4-diol, 53e. A report by Ross and Donovan demonstrated the hydrogenation of 
1,3-diphenylpropane analog in high yield without detectable erosion of enantiopurity.163 
However, it should be mentioned that details for the analysis of stereochemical integrity were not 
provided.  Nevertheless, it is a close precedent worth pursuing. In collaboration with Richard 
Thornbury from these laboratories, (1R,4R)-1,4-dicyclohexylbutane-1,4-diol (R,R)-101 was 
prepared in 54% yield (Scheme 83). A number of less polar side products were observed which 
could be attributed to hydrogenolysis of the C-O bond. However, further analysis is required to 
elucidate the identities of these compounds. 
 
Scheme 83 
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 With the chiral diol in hand, it was derivatized to determine if erosion of the enantio- 
and/or diastereomeric purities has occurred during the process of hydrogenation (Scheme 84). 
The desired Mosher’s ester 102 was isolated in 76% yield and the mono-functionalized diol was 
isolated in 24% yield on a 16 µmol scale reaction. Subjecting ester 102 to CSP-HPLC analysis 
revealed an enantiomeric ratio of 94:6 and a diastereomeric ratio of greater than 99:1. The caveat 
of incomplete functionalization is discussed in Section 3.5.3.1. 
 
Scheme 84 
 
 
 To better anticipate the challenges associated with the preparation of the enantiopure 
cyclohexyl hydrazone ligand 99, a synthesis using the racemic diol 101 was investigated. 
Because of the steric hindrance of the cyclohexyl moiety, mesylation was conducted at 0 °C 
rather than at -20 °C for the aromatic analogs (Scheme 85). Although diol 101 has limited 
solubility in methylene chloride, the reaction proceeded to 97% consumption after 2 h. It was 
immediately apparent that dimesylate 103, has different properties than its aromatic congeners. 
First, the mesylate appears to be less prone to decomposition after aqueous work-up. Second, the 
increased solubility in organic solvent endowed by the cyclohexyl moiety forbids purification by 
crystallization. The crude mesylate 103 was treated with an excess amount of hydrazine in iso-
propanol at an elevated temperature (60 °C) to promote cyclization. The desired 1-
aminopyrrolidine 104 was detected judging by the chemical shift, splitting pattern of the CH 
proton (2.63 ppm, dd, J = 6.8, 6.3 Hz) adjacent to the nitrogen atom and mass spectrometry 
analysis. The impurities carried forward from the mesylation step cannot be easily removed 
without some sacrifice. Although it was possible to extract a major amount of these impurities 
into ether from an acidic solution (1 M HCl) of 1-aminopyrrolidine 104, two issues were noted: 
(1) leaching of 104 into ether layer and (2) partial decomposition. To support the identity of 1-
aminopyrrolidine 104, it was treated with excess glyoxal. Within 30 min, two diagnostic 
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chemical shifts indicative of CHN and CHO were observed (Scheme 85). Preliminary 
investigation showed that iminoacetaldehyde 105 survived basic aqueous work-up but readily 
hydrolyzed in acidic environment. Chromatographic purification at this stage may be a viable 
option for the eventual pursuant of target ligand 99.  
 
Scheme 85 
 
 
3.4.7.2 2,4-Diarylazetidine-Based Bis-hydrazone Ligand 
 The other modifiable parameter of the chiral bis-hydrazone ligand is the ring size of the 
nitrogen containing heterocycle (Scheme 86). Fernández and Lassaletta have demonstrated that 
2,6-diphenylpiperidine-based ligand is less effective at controlling the stereoselectivity of 
asymmetric Suzuki-coupling compared to the 2,5-diarylpyrrolidine analog.94 However, it 
remains unclear that whether a smaller heterocycle could further improve the efficacy of 
asymmetric induction. With this regard, both azetidine and aziridine scaffolds were considered. 
The smaller ring size confers more rigidity and perhaps more defined arrangement of the 
substituents to provide stereochemical control. Nevertheless, the increased strain of these 
scaffolds may impact the stability of the corresponding ligands and intermediates involved in 
their preparation. 
Scheme 86 
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 Of primary importance is the establishment of a viable synthetic route towards 1-amino-
2,4-diarylazetidine and 1-amino-2,3-aziridine. Literature descriptions of their preparation are 
scant.164-167 Resorting to previous experiences in the preparation of 1-aminopyrrolidine 55, the 
synthesis of ligands 106 and 107 were proposed (Scheme 87). The overall strategy depends on 
the double displacement of the activated diol to generate the (protected) aminoheterocycles, 
followed by double condensation with glyoxal. The requisite chiral diol could be obtained by 
asymmetric hydrogenation. 
 
Scheme 87 
 
 
 With the synthetic plan in mind, the preparation of the azetidine ligand 107 was 
investigated. Following procedure described by Ikariya et. al. 3-hydroxy-1,3-diphenylpropanone 
was reduced to 1,3-diphenylpropane-1,3-diol 108 by ruthenium-catalyzed transfer-hydrogenation 
(Scheme 88).168 The reaction was conducted in DMF at 40 °C using a mixture of formic acid and 
triethylamine (4.4:2.6) as the hydride source. After 22 h, the desired anti diol 108 was isolated in 
22% yield with excellent enantio- and diastereomeric purities (> 99:1 er and dr). A closely 
related reaction condition failed to produce desired diol (Scheme 89).169 
 
Scheme 88 
 
Scheme 89 
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 The derived dimesylate 109 was combined with an excess amount of anhydrous 
hydrazine at ambient temperature (Scheme 90). In addition to desired 1-aminoazetidine 110, a 
significant amount of tetraphenyl-1,1-biazetidine 111 was produced. The identity of this side 
product was tentatively assigned based on mass spectrometry analysis and the similarity of the 
splitting pattern to 110 by 1H NMR analysis. Trace amount of the known 
tetraphenylpyrazolopyrazole170 112 was also observed. Slow addition of the mesylate (0.1 
mmol/h) to an excess amount of hydrazine (30 equiv) in methylene chloride also resulted in a 
mixture of products. Replacing the solvent with iso-propanol did not improve the outcome. The 
instability of aminoazetidine 110 complicates its isolation by chromatography. 
 
Scheme 90 
 
 
 To circumvent the aforementioned problems, two hydrazine surrogates, tert-butyl 
hydrazinecarboxylate (TBHC) and (diphenylmethylene)hydrazine were considered for two 
reasons (Figure 16). First, the steric bulk of the Boc group or diphenyl substituents should 
attenuate the reactivity of the nitrogen which was engaged in the formation of side products. 
Second, the mask for the amine can be removed readily. However, the concern of decreased 
reactivity of the NH2 group due to conjugation with the imine moiety favors the choice of 
TBHC.  
 
 
Figure 16. Hydrazine and hydrazine surrogates 
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 To probe the feasibility of cyclization, a few reaction conditions were surveyed (Table 
27). Mesylate 109 was treated with an excess amount of TBHC at ambient temperature for 16 h 
(entry 1). Essentially no conversion of 109 was observed. Apparently, the Boc protecting group 
also significantly decreased the reactivity of distal amine. Other conditions studied resulted in the 
formation of complex mixtures which was not interpretable (entries 2-5).  
 
Table 27. Attempted cyclization with tert-butyl hydrazinecarboxylate 
 
entry x base solvent temp. (°C) time (h) 
1 10 - CH2Cl2 22 16 
2 10 - i-PrOH 40 16 
3 1.2 - THF 60 28 
4 1.2 Et3N THF 60 28 
5 1.2 pyridine toluene 80 8 
 
 
3.4.7.3 D-Mannitol Derived Bis-Hydrazone Ligand 
 Noting the efforts and cost required to install substituents on the pyrrolidine framework 
by the enantioselective deprotonation/transmetalation/sp2-sp3 coupling reactions in two 
sequences (Scheme 52), it was of interest if a chiral-pool strategy could be exploited to expedite 
preparation of pyrrolidine-based hydrazone ligands. Accordingly, attention was directed towards 
the use of readily available chiral material, D-mannitol. The preparation of tricyclic amine 113 
has been described (Scheme 91) 171,172 and it was envisioned that the acetal moiety could be 
easily modified by choosing different aromatic aldehydes. Following the literature procedure, 
bis-dioxane 114, obtained by sulfuric acid-catalyzed acetal formation with benzaldehyde, was 
activated as the corresponding ditriflate 115 (Scheme 92).173-175 Displacement of the triflate by 
hydrazine, followed by intramolecular cyclization afforded the aminopyrrolidine 116,172 albeit in 
20% yield after two steps. Although the dimesylate analog of 115 can be isolated in 94% yield, 
subsequent reaction with hydrazine was slow even at an elevated temperature (refluxing THF). 
Nonetheless, with some 1-aminopyrrolidine 116 in hand, double condensation with glyoxal was 
tested. Unfortunately, a complex mixture was obtained. Noting the acidity of glyoxal solution 
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(pH = 2.1) which may be incompatible with acetal functionalities on the substrate, various bases 
such as NaHCO3, KHCO3 or Et3N were added to the condensation reactions. However, a 
complex mixture was also resulted in all cases. In a separate experiment, excess glyoxal (40 
equiv) was added to 1-aminopyrrolidine 116, to confirm the intermediacy of iminoaldehyde 117. 
Both NMR and mass spectrometry analyses support the formation of 117. Therefore, it appears 
the problem resides at the second condensation. The reason of this complication remains unclear 
at this point. 
Scheme 91 
 
 
Scheme 92 
 
 
 
3.4.8 Structural-Activity and Structural-Selectivity Studies Using Chiral Hydrazone 
Ligands 
With a number of chiral bis-hydrazone ligands in hand, the study of asymmetric biaryl 
coupling of aryldimethylsilanolate was initiated. The optimal reaction condition for ligand 
survey was established using bis-hydrazone 50e bearing two (2S,5S)-diphenylpyrrolidine units 
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(Table 28). Good conversion and enantioselectivity were observed at 90 °C in 1 h (entry 1). 
Lowering the reaction temperature improved the selectivity at the expense of conversion, except 
at 70 °C (entries 2-4). The loading of silanolate K+33− was decreased to 1.5 equivalent without 
detrimental impact on the product yield (entry 6). Doubling the ligand loading did not improve 
the enantioselectivity (entry 8). Although the use of (MeCN)2PdCl2 as palladium source did not 
affect the selectivity, the reaction was considerably slower (entry 9). The reaction in 1,4-dioxane 
was less efficient than in toluene in all aspects (entries 5 and 10). In summary, the optimal 
reaction conditions involve the use of 1.5 equiv. silanolate at 70 °C in toluene with 2.5 mol% 
[allylPdCl]2 and 5 mol% ligand (entries 6 and 7). 
 
Table 28. Reaction optimization for the cross coupling of 2-methylnaphthylsilanolate K+33− 
using bis-hydrazone ligand 50e 
 
 
entry K+33− (equiv) temp. (°C) time (h) 35 (%)a 36  (%)
b er, 35 (R/S)c 
1 1.75 90 1 85 2.4 92:8 
2 1.75 70 1 85 2.3 95:5 
3 1.75 50 4 71 3.4 96:4 
4 1.75 21 7 d 43 5.4 98:2 
 5d 1.75 70 24 59 10 90:10 
6 1.5 70 2 85 3.3 94:6 
7 1.5 70 2  90e 2.5 95:5 
 8f 1.5 70 1 84 2.3 96:4 
 9g 1.5 70 10 79 2.3 95:5 
 10d 1.5 70 7.5 70 4.3 90:10 
 
  
a Yield of chromatographed product taking into account of 1,1’-binaphthalene. b Percentage of 1,1’-binaphthalene in 
the chromatographed product estimated by CSP-SFC.  c Ratio of (R)-35:(S)-35 determined by CSP-SFC. d Reaction 
was conducted in 1,4-dioxane. e 0.5 mmol scale. f 10 mol% ligand. g (MeCN)2PdCl2 (5 mol%) was used as the 
palladium source.  
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 For the purpose of establishing structural-activity, -selectivity relationships (SAR and 
SSR) and further improving the enantioselectivity of the cross coupling, pyrrolidine-based bis-
hydrazones 50 bearing various aromatic substituents were studied using previously optimized 
reaction condition (Table 29).  Increasing the steric bulkiness of the aromatic group had a 
negative impact on the yield and the enantiomeric purity of the coupled product (entries 2 and 3). 
In one extreme case, the 2-tolyl substituted ligand 50i yielded a near racemic mixture of 35 
(entry 5). The use of 2-naphthyl or 4-methoxy substituted ligand, restores the efficiency of the 
coupling comparable to that of the parent ligand (entries 6, 7 and 1). On the contrary, electron-
deficient ligands were less selective and the reaction was significantly slower for the 3,5-
bis(trifluoromethyl)phenyl variant (entries 8 and 9). The reaction stalled when 5-methyl-2-
thienyl substituted hydrazone 50j was used (entry 10). Replacing the palladium source to 
(MeCN)2PdCl2 did not affect the enantioselectivity but resulted in a sluggish reaction (cf entries 
4 and 3). The coupling with hindered 1-bromo-2-methylnaphthalene was possible, although a 
higher temperature is required (110 °C) (entry 11). Substantial enantioselectivity was observed 
for 2,2'-dimethyl-1,1'-binaphthalene in this preliminary result. 
In an effort to probe the stereodetermining step, the donor/acceptor role of the two 
coupling substrates was reversed. The reaction was slower when 1-naphthyldimethylsilanolate 
was used as the nucleophile and 1-bromo-2-methylnaphthalene was used as the electrophile 
(entry 12). Interestingly, the major enantiomer has the same configuration as before that of the 
role-reversal experiment and the enantiomeric ratio of the product from these reactions are the 
same (cf. entries 1 and 12). 
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Table 29. SAR and SSR studies of bis-hydrazone ligands for the coupling of 2-
methylnaphthylsilanolate K+33− 
 
entry ligand config.a Aryl 
time 
(h) 
R1 R2 
35 
(%)b 
36 
(%)c 
er, 35 
(R/S)d 
1 50e S,S,S,S Ph 2 Me H  90e 2.5 95:5 
2 50g R,R,R,R 3,5-Me2C6H3 3 Me H 75 3.6 8:92 
3 50h R,R,R,R 3,5-Ph2C6H3 3 Me H 73 4.1 13:87 
 4f 50h R,R,R,R 3,5-Ph2C6H3 3 Me H 12 3.0 12:88 
5 50i R,R,R,R 2-tolyl 12 Me H 56 9.7 44:56 
6 50f R,R,R,R 2-naphthyl 2 Me H 86 1.4 5:95 
7 50a R,R,R,R 4-MeOC6H4 2 Me H 81 2.0 6:94 
8 50c S,S,S,S 4-F3CC6H4 2 Me H 81 3.8 90:10 
9 50d S,S,S,S 3,5-(F3C)2C6H3 18 Me H 52 8.3 71:29 
10 50j R,R,R,R 5-Me-thienyl 7 Me H 45 5.8 20:80 
11 50e S,S,S,S Ph 19 Me Me  24g n/a  92:8h 
12 50e S,S,S,S Ph 7 H Me 72 1.2 95:5 
 
 
 Further SAR studies revealed that the presence of substituents at both 2- and 5-positions 
on the pyrrolidine moiety is critical for high enantioselectivity (Table 30, entries 3 and 4). Bis-
hydrazone 74, an analogous ligand of 50 missing C3-C4 bond, was ineffective at enforcing 
selective coupling (entry 5). The introduction of dimethylmethide linkage to the bis-hydrazone 
ligand was also detrimental (entry 6). This reaction stalled after 2 h and a racemic product was 
obtained. A novel type of bis-hydrazone ligand featuring dinaphthylazepine backbone was also 
tested, which provided the biaryl product in 81:19 er (entry 7). Intriguingly, the reaction 
employing 3- and 3’-phenyl substituted variant 83 favors the formation of the enantiomer  (32:68 
er), albeit with moderate yield, selectivity and a prolonged reaction time (entry 8). The 
hydrazone-pyridine hybrid loses the ability to provide stereocontrol (entry 9). 
a Configuration of the bis-hydrazone ligand. b Yield of chromatographed product taking into account of 1,1’-binaphthalene. c  
Percentage of 1,1’-binaphthalene in the chromatographed product estimated by CSP-SFC. d Ratio of (R)-35:(S)-35 determined 
by CSP-SFC.  e 0.5 mmol scale. f (MeCN)2PdCl2 (5 mol %) was used as the palladium source. 
 g Yield of  2,2'-dimethyl-1,1'-
binaphthalene; reaction was conducted at 110 °C. h The configuration was assumed based on the sense of chiral induction for 2-
methyl-1,1’-binaphthalene (R)-35. 
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Table 30. SAR and SSR studies of hydrazone ligands for the coupling of 2-
methylnaphthylsilanolate K+33−. 
 
entry ligand time (h) 35 (%)a 36 (%)b er, 35 (R/S)c 
1 50a 2 90 2.5 95:5 
2 50f 2 86 1.4 5:95 
3 63a 4 70 3.5 40:60 
4 63f 6 76 2.8 43:57 
5 74 4 78 6.6 48:52 
6 72  2d ~21e 12.8 50:50 
7 79 2 84 3.0 19:81 
8 83 18  59f 9.0 68:32 
9 78 24 34 8.8 52:48 
 
 
NNNN
74
N N
R
R
N N
R
R
79: R = H
83: R = Ph
N N NN
R
R
63a: R = 4-MeOC6H4
63f: R = 2-Naph
Me
Me
Ph
Ph
Me
Me
Ph
Ph
N N N
78
H3C CH3
N N
N
Ph
Ph
N
Ph
Ph
72
N N NN
R
R
R
R
50a: R = 4-MeOC6H4
50f: R = 2-naphthyl
 
 
  
a Yield of chromatographed product taking into account of 1,1’-binaphthalene. b 
Percentage of 1,1’-binaphthalene in the chromatographed product estimated by 
CSP-SFC.  c Ratio of (R)-35:(S)-35 determined by CSP-SFC. d Reaction stalled. e 
Contains a contaminant.  f 0.1 mmol scale. 
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Having examined the coupling of 2-methyl-1-naphthylsilanolate, the focus was directed 
towards the reaction of more electron-rich, but less sterically hindered nucleophile, 2-
methoxynaphthalenesilanolate (Table 31). Accordingly, standard reaction conditions were 
applied to facilitate interpretation of the results. The reaction was conducted in toluene at 70 °C 
using the dimeric allylpalladium chloride (2.5 mol %) as the palladium source. The ratio of 
ligand to palladium was set to 1/1. Depending on the synthetic route for the ligand preparation, 
either (S,S,S,S)-50 or (R,R,R,R)-50 was used, which expectedly yielded the biaryl product (S)-
121 or (R)-121 as the major enantiomer, respectively. Interestingly, the progress of the reaction 
was indicated by the observable changes in the physical state of the reaction mixture. Potassium 
silanolate K+120−, has limited solubility in toluene at room temperature and even at elevated 
temperature (70 °C). The gradual consumption of this nucleophile was indicated by the 
homogeneity and darkening of the reaction mixture. Using phenyl substituted hydrazone ligand 
50e, the desired biaryl product 121 was produced in 76% GC yield and 21:79 er (entry 1). 
Although silanolate K+120− was fully converted in 3 h based on the GC analysis of its conjugate 
acid, silanol 120, a small amount of 1-bromonaphthlene was not consumed. Further purification 
of the product to remove siloxanes led to a slightly enhanced er (entry 2). Under “ligandless” 
condition, a significant amount of the coupling product was also observed (56%) (entry 3). 
Whereas the employment of 2-naphthyl substituted ligand 50f marginally improved the 
enantioselectivity (entry 4), the reaction was slower as suggested by the incomplete consumption 
of both silanolate and the 1-bromonaphthalene. In attempts to improve the enantiomeric ratio of 
the coupling product, bulkier ligands bearing 3,5-Me2C6H3, 3,5-Ph2C6H3, and 2-tolyl substituents 
were examined (entries 5-7). Disappointingly, the results were less satisfactory in both yield and 
er. The employment of (MeCN)2PdCl2 as an alternative palladium source improved the 
enantioselectivity, albeit at a significant expense of conversion (cf. entries 8 and 1).  
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Table 31. SAR and SSR studies of bis-hydrazone ligands for the coupling of 2-
methoxynaphthylsilanolate K+120−. 
 
entry ligand ligand config. Aryl time (h) R1 R2 yield (%)a er (S/R)b 
1 50e S,S,S,S Ph 3 OMe H 76 79:21 
2 50e S,S,S,S Ph 3 OMe H  60c 84:16 
3 - - - 3 OMe H 56 - 
4 50f R,R,R,R 2-naphthyl 3 OMe H 53 16:84 
5 50g R,R,R,R 3,5-Me2C6H3 3 OMe H 61 31:69 
6 50h R,R,R,R 3,5-Ph2C6H3 3 OMe H 38 26:74 
7 50i R,R,R,R 2-tolyl 3 OMe H 66 44:56 
 8d 50e S,S,S,S Ph 3 OMe H 41 88:12 
9 50e S,S,S,S Ph 24 H OMe  60c 83:17 
10 50f R,R,R,R 2-naphthyl 24 H OMe  46c 18:82 
 
To probe the stereodetermining step, the donor/acceptor role of the two coupling 
substrates was reversed (entries 9-10). The reactions were considerably slower; both 1-
naphthyldimthylsilanolate K+119− and 2-methoxy-1-bromonaphthalene were not consumed in 12 
h. The reactions were quenched after 24 h, at which point no more silanol was detected. The 
major enantiomer has the same configuration as before that of the role reversal experiment (cf. 
entry 1 and 9, and entry 4 and 10), although the enantiomeric composition differs slightly. 
 
 
3.4.9 Survey of Chiral Bisoxazoline and Diene Ligands 
Despite the myriad applications of bis(oxazoline) ligands in asymmetric catalytic 
transformations,176-178 their effectiveness in asymmetric aryl−aryl coupling has rarely been 
explored.85 Thus, a few ligands of these types were surveyed using the same reaction conditions 
studied for bis-hydrazone ligands (Table 32). The reactions were stopped at the fourth hour and 
a Determined by GC using biphenyl as the internal standard. b Determined by CSP-SFC of chromatographed product. c Isolated 
yield on a 0.25 mmol scale. d (MeCN)2PdCl2 (5 mol %) was used as the palladium source. 
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the biaryl product was isolated for CSP-SFC analysis of the enantiomeric ratio. In general, 
moderate selectivities were observed for all bisoxazolines examined. Increasing the ligand 
loading led to a small increase in selectivity (entries 2-4). Increasing the steric bulk of the 
bridging substituents from methyl to iso-butyl decreases the enantiopurity of the product to near 
racemic and the yield suffers slightly (entries 1, 2 and 3). An increase in the size of substituent 
adjacent to the nitrogen is also detrimental (entry 6). Lastly, the absence of the linkage between 
two oxazoline moieties appears to have a minimal impact on enantioselectivity (entries 1-3 and 
7). 
 
Table 32. SAR and SSR studies of bis-oxazoline ligands for the coupling of 2-
methoxynaphthylsilanolate K+120−. 
 
entry ligand ligand/Pd yield (%)a er (R/S)b 
1 122 1/1 55 64:36 
2 123 1/1 53 62:38 
3 123 1.5/1 61 64:36 
4 123 2/1 59 68:32 
5 124 1/1 48 54:46 
6 125 1/1 44 53:47 
7 32 1/1 41 61:39 
 
 
 
The usefulness of chiral-olefins in rhodium-catalyzed conjugate addition is well 
established.179 However, their applications in palladium-catalyzed transformations have not been 
extensively investigated possibly due to the weaker affinity to palladium than rhodium which 
a Determined by GC analysis of a sample taken at the 4th hour using biphenyl as 
the internal standard. b Determined by CSP-SFC of chromatographed product.  
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could make these complexes less stable in the reaction.99,100 Four diene ligands were studied, but 
all biaryl products were obtained essentially as a racemic mixture (~50:50 er) (Scheme 93). 
 
Scheme 93 
 
 
 
3.4.10 Attempted Preparation of Palladium Complexes of Bis-hydrazone Ligand 
 The results from the role-reversal, cross-coupling reactions and computation calculation 
suggest that reductive elimination is the stereodeteremining step and provide insights into the 
origin of enantioselectivity (Sections 3.5.6 and 3.5.7). To obtain further support for these 
findings, it is of interest to prepare palladium complexes of chiral bis-hydrazone ligands involved 
in the catalytic cycle. In an ideal scenario, if the diastereomeric ratio of an intermediate matches 
the enantiomeric ratio of the biaryl product, the stereodeteremining step can be deduced.95  
 Preliminary efforts were focused on the preparation of oxidative addition complex of 
readily-prepared, achiral, bis-hydrazone ligand to scout for an appropriate synthetic approach. 
The investigation was guided by a number of literature precedents which are briefly summarized 
below to facilitate the presentation. 
Four methods have been employed for the preparation of LPd(Aryl)X, including ligand 
exchange, oxidative addition, transmetalation and disproportionation (Scheme 94). The first 
method involves ligand substitution of L from a known oxidative addition adduct LPd(Aryl)X. 
For example, the preparation of trans-(PPh3)2Pd(Ph)I is achieved by the displacement of 
TMEDA ligand of the corresponding phenyl palladium iodide complex (Scheme 95).180 An 
example employing a halogen-bridged dimeric aryl palladium complex as the starting material 
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has also been documented (Scheme 96).181 The success of this strategy general depends on the 
coordinating ability of the ligand. However, it should be noted that displacement of a strongly 
coordinating ligand is also possible by ligand decomposition. The substitution of a 
triphenylphosphine ligand with TMEDA under oxidative sulfurization of the phosphine is one 
such example (Scheme 95).180 
 
Scheme 94 
 
 
Scheme 95 
 
 
Scheme 96 
 
 
The second method simulates the cross-coupling reaction on a large scale without the 
presence of a nucleophilic coupling partner. As such, the catalytic cycle is discontinued to allow 
observation or isolation of oxidative addition adduct. A number of strongly coordinating 
phosphine complexes of this sort have been reported by using a shelf-stable Pd(0) source such as 
Pd(dba)2 (Scheme 97)
182 or a Pd(0) source generated in situ from (COD)Pd(CH2TMS)2 (Scheme 
98).183 Alternatively, the ligand of interest is preinstalled on the palladium in the form of L2Pd 
(Scheme 99).184 An excess amount of aromatic halides is often used to ensure oxidative addition. 
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 The third method employs palladium(II) dihalide complex, LPdX2, as the entry point into 
LPd(Aryl)X by transmetalation from an aromatic donor, Aryl-M (Scheme 94). The strength of 
the organometallic reagents would determine the success of this approach (Scheme 100).185 The 
consecutive substitution of the two X-type ligands by two aromatic donors is a valid concern. 
 
Scheme 100 
 
 
 The last method relies on disproportionation reaction of Aryl2Pd and LPdX2 (Scheme 
94). This strategy is reserved for specific aromatic substrate that has a pendant coordination 
group to stabilize the ligandless complex and to minimize reductive elimination. A rare example 
is the preparation of (COD)Pd(8-methoxynaphthyl)Cl from bis(8-methoxynaphthyl) palladium 
(Scheme 101).186 
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Scheme 101 
 
 
3.4.10.1 Preparation of an Oxidative Addition Complex by the Ligand Exchange Strategy 
 Because of the availability of a number of palladium compounds LPd(Aryl)X in these 
laboratories, the most convenient access to the oxidative addition complexes of bis-hydrazone 
ligand is through the ligand exchange strategy. Accordingly, the readily prepared hydrazone 
ligand 46 was added to tri-tert-butylphosphine bound palladium complex 22 at ambient 
temperature (Scheme 102). No ligand substitution was observed after 2 hours and 22 gradually 
decomposed over time. Other complexes such as trans-(PPh3)2Pd(2-tolyl)I 126, 
(TMEDA)Pd(Aryl)I 127 and 128 were also subjected to the ligand substitution reaction at 
ambient or elevated temperatures for an extended period of time without success. 
 
Scheme 102 
 
 
 Under the assumption that tri-tert-butylphosphine, triphenylphosphine and TMEDA have 
a stronger binding affinity to palladium than hydrazone ligand 46, the combined ligand 
decomposition and exchange strategy was tested. Thus, triphenylphosphine of complex 126 was 
oxidized by elemental sulfur to the corresponding sulfide in the presence of bis-hydrazone 46 
(Scheme 103). The desired ligand displacement product 129 was not observed. Intriguingly, the 
NMR signals of 2-tolyl group gradually disappeared and a pale yellow solid formed. This solid 
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was isolated and stirred in a solution of triphenylphosphine to regenerate the starting complex 
126. In a separate experiment, this polymeric 2-tolylpalladium iodide was stirred in the presence 
of excess hydrazone ligand 46 at 60 °C for two days, but no desired complex 129 was detected. 
The same outcome was observed for the reaction of (dppp)Pd(3-F3CC6H4)I with sulfur in the 
presence of ligand 46; dppp was readily oxidized to dpppS2 with concomitant formation of an 
insoluble (3-F3CC6H4)PdI species. 
 
Scheme 103 
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 The oxidation of palladium-bound tri-tert-butylphosphine in T-shaped complex 25e 
occurred in 10 min, but the desired palladium complex of hydrazone 46 was not detected 
(Scheme 104). Instead, the palladium(0) deposited and was accompanied by the formation of 
homocoupled product, 4,4'-bis(trifluoromethyl)-1,1'-biphenyl. 
 
Scheme 104 
 
 
 Since the ultimate goal of this project is to prepare a palladium(II) silanolate complex 
bound with a bis-hydrazone ligand, it was of interest to examine if the oxidation strategy can be 
applied to an equivalent complex 130 bound with a phosphine ligand (Scheme 105). Such an 
approach bypasses the problem of polymeric arylpalladium iodide formation described in 
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Scheme 103. Unfortunately, oxidation of the coordinated dppp ligand with sulfur is accompanied 
by complete decomposition. 
Scheme 105 
 
 
 The alkylation of a phosphine or an amine ligand was envisioned as an alternative 
method to remove a strongly coordinating ligand.187 The resulting phosphonium salt or 
ammonium salt is expected to have a low affinity to an electron-deficient palladium(II) enter. 
However, a potential risk of this approach is the competitive oxidation of Pd(II) to Pd(IV) by 
insertion into the alkyl halide bond.188 The TMEDA-Pd complex 128 and PPh3-Pd complex 126 
were treated with methyl iodide in the presence of bis-hydrazone ligand 46 at room temperature 
(Scheme 106). No reaction was observed in either case after 14 h. 
 
Scheme 106 
 
 
3.4.10.2 Preparation of Oxidative Addition Complex by Oxidative Addition Strategy 
 Because the ligand exchange approach to LPd(Aryl)X complex was unsuccessful, 
attention was shifted to the second strategy, oxidative addition of palladium(0) complex. The 
requisite source of palladium(0) can be generated easily by treating allyl palladium(II) chloride 
dimer with an alkaline metal salt (Scheme 107).189 The investigation was conducted at ambient 
temperature because a previous result showed that cross-coupling reaction can proceed at 22 °C 
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using a hydrazone ligand indicating successful oxidative addition (Table 28, entry 4). An excess 
amount of 1-bromonaphthalene was added to mimic the condition of catalytic reaction and to 
facilitate oxidative addition.184 Unfortunately, no desired complex was isolable and palladium-
black formed in all attempts even with additional ligand (L/Pd = 2/1). 
 
Scheme 107 
 
 
 A well-documented preparation of LPd(Aryl)X employs (COD)Pd(CH2TMS)2 as the 
palladium(0) precursor (Scheme 98); the two trimethylsilylmethylene substituents readily 
undergo reductive elimination upon warming.190 A prerequisite for this approach is the ability of 
ligand to displace 1,5-cyclooctadiene. Various experiments suggest that bis-hydrazone 46 does 
not coordinate to palladium strongly (Scheme 102). To avoid competitive ligand association to 
palladium with COD, pre-installation of 46 to the Pd(CH2TMS)2 fragment was proposed to serve 
as the Pd(0) precursor.191-194 With this objective in mind, (46)Pd(CH2TMS)2 was generated in 
situ by addition of TMSCH2MgCl to (46)PdCl2 at -75 °C (Scheme 108). Noting the limited 
solubility of complex (46)PdCl2 in diethylether, the reaction temperature was warmed to -10 °C. 
Palladium deposition occurred readily at greater than 0 °C. An excess amount of aromatic 
bromide was then added. The electron-deficient 4-fluorobromobenzene was chosen to facilitate 
oxidative addition and for ease of removal under reduced pressure. The reactions were stirred at 
various temperatures in the range between -10 to 22 oC. However, no desired oxidative addition 
adduct was observed in any case and palladium deposition occurred. Qualitative experiments 
indicate that the presence of additional ligand 46 may slightly delay the formation of palladium 
black. However, the synthesis of oxidative addition adduct by using an excess amount of chiral 
bis-hydrazone ligand is not practical. This synthetic approach may be further investigated by 
using an aromatic iodide in place of an aromatic bromide to expedite the oxidative addition 
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process because of the lower energy barrier of carbon−halogen bond cleavage (Ph-I, 65 kcal/mol; 
Ph-Br, 81 kcal/mol).195 
 
Scheme 108 
 
 Attempts to prepare (46)Pd(Aryl)X were also conducted by employing shelf-stable Pd(0) 
source, Pd(dba)2 and Pd2(dba)3 in the presence of a stoichiometric or an excess amount of 
hydrazone ligand 46 (Scheme 109). Electron-deficient aromatic iodides with fluorine 
substituents were employed to increase the chance of oxidative addition and to assist analysis. 
Initial experiments were performed at ambient temperature which resulted in little change in the 
NMR spectra after 2 h. Increasing the temperature to 80 °C for 20 minutes caused the formation 
of a black coating. The interpretation of NMR spectra is complicated by the presence of excess 
dba from the Pd(0) source, although new signals consistent with the desymmetrization of bis-
hydrazone ligand 46 were observed. The 19F NMR suggests that these reactions did not proceed 
cleanly as multiple singlets were observed. Owing to the deposition of palladium-black, 
difficulty in analysis and the consideration of competitive ligand coordination by dba, this 
approach to oxidative addition adduct was not pursued further.  
 
Scheme 109 
 
 
 
3.4.10.3 Preparation of Oxidative Addition Complex by Transmetalation Strategy 
 Having investigated the ligand exchange and oxidative addition methods without success, 
the attention was shifted to the transmetalation strategy. The first effort was inspired by the 
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reported preparation of [PdMe(SMe2)(µ-Cl)]2 from methyllithium.
196 Accordingly, the dimethyl 
sulfide (DMS) complex of PdCl2 was used because of its enhanced solubility in organic solvent 
and the ease of displacement of DMS with any ligand of interest (Scheme 110). An electron-
deficient aryllithium reagent was chosen for its lower reactivity which could minimize double 
substitution of the chlorides from (DMS)2PdCl2. Even though the reaction was conducted at -78 
°C, palladium deposition and homocoupled biaryl product were observed within 30 min.  
 
Scheme 110 
 
 
 Assuming that dimethyl sulfide is too labile to stabilize the transmetalated palladium(II) 
complex, an alternative approach starting with bis-hydrazone complex of PdCl2 was envisioned 
(Scheme 111). The model complex (46)PdCl2 was easily prepared by mixing (PhCN)2PdCl2 with 
piperidine derived bis-hydrazone ligand 46. Although palladium dichloride complex of chiral 
ligand (S,S,S,S)-50e can be prepared by the same procedure,94 the solution 1H NMR spectrum 
was not interpretable; broad and undefined peaks were observed even at -40 °C. 
 
Scheme 111 
 
 
 The analogous palladium(II) dichloride complex of pyrrolidine-based bis-hydrazone 
ligand 131 was insoluble in a range of solvents including chloroform, dichloromethane and 
dimethylsulfoxide (Scheme 112). The ligand was clearly incorporated to the metal complex 
because of the disappearance of the corresponding signals by 1H NMR spectroscopy. The 
120 
 
presence of palladium was proven by addition of phenylmagnesium bromide which resulted in 
the formation of biphenyl.  
 
Scheme 112 
 
 
 In a separate attempt, (COD)PdCl2 was used as the palladium source. After two hours, 
some insoluble polymeric (131)PdCl2 formed (Scheme 113). Additionally, 
1H NMR analysis 
showed a mixture of unconsumed (COD)PdCl2, Pd-free COD and ligand 131, and a species 
putatively assigned with a formula of (131)2PdCl2.
197 Because of the insolubility of (131)PdCl2 
in organic solvents, subsequent investigations were focused on palladium complexes of 
piperidine-based hydrazone ligand. 
 
Scheme 113 
 
 
 During the investigation of enantioselective aryl-aryl coupling reactions, aromatic 
bromides were used as the electrophiles. Naturally, the oxidative addition intermediates involved 
in these reactions contain a Pd-Br bond (Scheme 114). To mimic these intermediates, the 
precursor (46)PdBr2 is needed for their preparation. Unfortunately, none of the attempts provided 
the desired product. For example, the addition of lithium bromide to (46)PdCl2 complex yielded 
an insoluble black solid and a species putatively assigned as (46)2PdBr2 based on FD-MS and 
1H 
NMR analysis.197 Inefficient ligand displacement was observed when (COD)PdBr2 was 
employed as the source of palladium dibromide. 
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Scheme 114 
 
. 
The above results limited the options to prepare a model oxidative addition complex via 
dichloride complex (46)PdCl2. Treatment of this palladium complex with phenylmagnesium 
chloride at 0 °C resulted in instantaneous deposition of palladium black and formation of 
biphenyl (Scheme 115). This finding suggests that a milder transmetalating agent may be 
required to minimize consecutive transfer of aryl group that eventually leads to homocoupled 
product after reductive elimination from the diphenylpalladium(II) intermediate. Encouraged by 
the literature precedent describing the preparation of (PPh3)Pd(Aryl)Cl from arylmercury 
reagents (Scheme 100),185 subsequent endeavors were directed toward this approach. The 
addition of Ph2Hg to (46)PdCl2 in a 1:1 or 0.5:1 ratio at ambient temperature gave palladium 
black and biphenyl instantaneously (Scheme 115). Although the use of PhHgCl in one equivalent 
loading delayed the formation of palladium particles, biphenyl was detected within 15 min. 
Analysis of the 1H NMR spectra showed the presence of Pd-free ligand 46 and the appearance of 
(46)2PdCl2 based on comparison to the 
1H NMR spectrum of (46)2PdBr2. 
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Scheme 115 
 
 
 At this juncture, it was reasoned that the inability to prepare (46)Pd(Ph)Cl may be due to 
the instability of this phenylpalladium(II) complex in addition to consecutive addition of the 
transmetalating agent. To probe this hypothesis, a very electron-deficient organomercury reagent 
was proposed; bis(perfluorophenyl)mercury was prepared in 84% purity by the treatment of 
mercury chloride with (perfluorophenyl)lithium (Scheme 116).198-201 Single transfer of the 
perfluorophenyl group from (C6F5)2Hg to (46)PdCl2 occurred smoothly. The byproduct, 
perfluorophenylmercury chloride and excess bis(perfluorophenyl)mercury were easily removed 
by washing the yellow powder with diethyl ether. Although FD-MS analysis of the product only 
detected the mass corresponding to ligand 46, 19F NMR spectrum clearly indicated the presence 
of perfluorophenyl group (Table 33). Additionally, the chemical shift of these fluorine nuclei 
closely matches that of the known complexes bearing a perfluorophenyl group.181,202 The 
absence of the Hg-F coupling is an indication that perfluorophenyl group is not attached to the 
mercury. In the proton channel, two sets of the chemical shifts in equal intensity were observed 
for the palladium-bound ligand 46. This outcome is expected because the molecule is 
desymmetrized by the incorporation of perfluorophenyl group.  
 
Scheme 116 
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Table 33. Fluorine chemical shifts of perfluorophenyl compounds 
 
δ (ppm) (C6F5)2Hg (C6F5)HgCl 132
 
133
 
134
 
o-F  -119.78a -118.48a -120.65 -122.3 -119.28 
m-F  -159.47a -159.70a -164.78 -162.5 -163.85 
p-F -152.06 -151.28 -161.29 -158.9 -160.67 
 
 
 The availability of perfluorophenyl palladium(II) complex 132 offered an opportunity to 
investigate the synthesis of the corresponding palladium silanolate complex (Scheme 117). 
Although essentially no reaction was observed when arylsilanol was added to 132 in the presence 
of silver oxide at room temperature after an extended period of time, the employment of sodium 
or lithium salt of arylsilanolate furnished cross-coupled product based on GC-MS and NMR 
analyses. The formation of biaryl indicates that palladium(II) silanolate intermediate was formed 
but it underwent transmetalation and reductive elimination too readily. Future investigations 
should be performed with a more electron-deficient and sterically congested nucleophile such as 
2,4,6-tris(trifluoromethyl)phenyldimethylsilanolate to decrease the rate of transmetalation. 
 
  
a Observed F-Hg coupling. 
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Scheme 117 
 
 
  
3.5 Discussion and Future Development 
3.5.1 Synthesis of 2,5-Diarylpyrrolidine-Based Bis-hydrazone Ligands 
 Two synthetic routes have been utilized to prepare a number of chiral bis-hydrazone 
ligands with 2,5-diarylpyrrolidine substituents. The first route (Table 17) is an improvement of 
literature procedure using a modified Corey-Itsuno protocol to access the critical 1,4-diaryl-1,4-
butanediol stereoselectively. This procedure allows the preparation of ligands with electron-
deficient aromatic substituents. A novel and complementary synthetic approach based on 
sequential α-arylations of N-Boc-pyrrolidine permitted the preparation of electron-rich and 
sterically hindered hydrazone ligands (Scheme 52). During the investigations of both synthetic 
routes, interesting observations as well as difficulties were encountered in the preparation of 
some intermediates which are discussed below. 
 
3.5.1.1 Enantio- and Diastereoselective Reduction of 1,4-Diaryl-1,4-butanediones 
 The high enantioselectivities (generally 99:1 or greater) observed in Corey-Itsuno 
reduction of 1,4-diketones (Table 16, entries 1-3) indicates an essentially perfect reduction of the 
first carbonyl group. The lower diastereoselectivity (63:37 to 84:26) suggests that the borinate 
moiety generated from the first reduction may either influence the reduction of the second 
carbonyl group sterically or act as a reductant competitively (Scheme 118). The latter scenario 
seems less likely given the tendency of (OR)2BH to undergo rapid disproportionation to 
regenerate BH3.
134 Therefore, the moderate diastereoselectivity may be due to a decrease in the 
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steric differentiation by the catalyst between the two substituents on the carbonyl group.  It is 
intriguing that the modified protocol employing stannous chloride and sodium borohydride with 
the same diphenylprolinol ligand afforded better diastereoselectivities (Table 17).135 The reason 
for the improved selectivity is unclear. 
 
Scheme 118 
 
 
3.5.1.2 Instability of Electron-Rich Dimesylate 
 During the investigation, it was realized that the electron-rich dimesylates 54a and 54b 
are highly unstable. This is readily understood by analyzing the stability of the benzylic cation; 
resonance stabilization is particularly effective in the presence of an electron-donating 
substituent (σp = −0.27) (Scheme 119).
64 Therefore, the elimination of mesylate occurs readily. 
 
Scheme 119 
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3.5.1.3 Glyoxal Condensation with 1-Amino-2,5-diarylpyrrolidine 
The double condensation of 1-amino-2,5-diarylpyrrolidine with glyoxal can be carried 
out in a single operation by using slightly less than half equivalent of the glyoxal with respect to 
2,5-diarylaminopyrrolidine. However, low yields and inconsistent results were obtained in early 
attempts possibly due to the presence of polymeric aldehyde species in the ~40% aqueous 
solution of glyoxal. The reaction using water-free glyoxal has been reported to provide doubly 
condensed products in moderate yield.122 However, dry glyoxal can be explosive and should be 
avoided. 
 
3.5.1.4 α-Arylation of N-Boc-2-arylpyrrolidine 
 The α-arylation of the N-Boc-2-arylpyrrolidine by a sequence of stereoselective 
deprotonation, transmetalation and sp3-sp2 cross-coupling generally proceeded with low 
conversion (Table 18). This observation may be attributed to three factors. First, the removal of 
the α-proton trans to the aromatic substituent may cause severe interactions with the Boc group 
(Scheme 120). Second, HC(2) is more acidic than HC(5) because of the aromatic substituent. It 
has been reported that a C(2) disubstituted pyrrolidine can be prepared by lithiation of N-Boc-2-
arylpyrrolidine followed by reaction with an electrophile,203 although the presence of (-)-
sparteine should direct the deprotonation to the C(5) position. Third, because of the restricted 
rotation of tert-butoxycarbonyl functional group, two conformers of 58 were observed by 1H 
NMR spectroscopy.204  The interconversion is slow at -78 °C and a half-life of 10 h has been 
estimated. This finding implies that only a portion of 58 can undergo deprotonation at C(5) 
position at this temperature. 
 
Scheme 120 
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 In this α-arylation step, a small amount of unsaturated 2,5-diarylpyrroline 137 was 
produced as side product (Scheme 121). A possible rationale is that N-Boc-2,5-diarylpyrrolidine 
undergoes deprotonation by residual base. The resulting anionic species reacts with [t-
Bu3PPdX]2, a known impurity generated from oxidative addition of (t-Bu3P)2Pd,
75 to yield a 
alkylpalladium intermediate. β-Hydride elimination from 136 produces the undesired N-Boc-
pyrroline 137.203 Acid mediated Boc-deprotection of 137 and olefin isomerization of the 
resulting product produces 2,5-diaryl-2,5-dihydro-1H-pyrrole 138 which has been characterized 
through 2-naphthyl substituted analog. 
 
Scheme 121 
 
 
 
3.5.1.5 Preparation of 1-Amino-2,5-diarylaminopyrrolidines 
 Another challenging step encountered in the development of the new synthetic route 
toward chiral bis-hydrazone ligands was the DIBAL-H reduction of 1-nitroso-2,5-
diarylpyrrolidines. Prolonged reaction times led to an increased amount of 1,2-diarylcyclobutane 
69 and 2-ethenylarene 70 at the expense of desired 2,5-diarylaminopyrrolidine. The inability to 
prepare 2,5-diaryl-substituted 1-aminopyrrolidine due to nitrogen extrusion has been 
documented. 133 In contrast, the 2,5-dialkyl analogs do not suffer from the same problem. The 
divergent behavior is likely due to different abilities of the substrates in stabilizing positive 
charge developed during the extrusion process. As suggested by Overberger et. al., the 
decomposition of 1-amino-1,5-diarylpyrrolidine 69 might proceed through a nitrene intermediate 
(Scheme 122).133 Ring-contraction pathway leads to 1,2-diarylcyclobutane 69 and fragmentation 
pathway leads to 2-ethenylarene 70. 1,2-Di(2-naphthyl)cyclobutane exhibits optical activity 
suggesting that the two aromatic substituents have a trans relationship and ring contraction might 
occur through a concerted mechanism as the major pathway. 
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Scheme 122 
 
 
 
3.5.1.6 Lithium Aluminium Hydride Reduction of 1-Nitroso-(2R,5R)-di(2-tolyl)pyrrolidine 
The relative configuration of 1-amino-2,5-di(2-tolyl)pyrrolidine obtained from LAH 
reduction of the corresponding nitrosamine 66i was established through 2,5-di(2-
tolyl)pyrrolidine 65i and its benzyl derivative 139 (Scheme 123). Diazotization was followed by 
nitrogen extrusion to produce meso-67i, which exhibits similar 1H NMR splitting pattern to C2-
symmetric 67i prepared previously. However, the chemical shifts for methine protons from the 
two diastereomers were clearly different (4.52 vs 4.78 ppm).  
Reductive amination of meso-65i with benzaldehyde provided tertiary amine 139. The 
stereochemical identity of this compound was deciphered from the splitting pattern of the 
benzylic proton. A singlet and an integration of two are expected for meso-139 because of the 
enantiotopic relationship between the two geminal protons, whereas two doublets with an 
integration of one for each signal is expected for C2-symmetric 139 due to their diastereotopic 
relationship. The first scenario was observed confirming that meso diastereomer 67i was formed.  
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Scheme 123 
 
 
The formation of meso 1-amino-2,5-di(2-tolyl)pyrrolidine from the chiral nitroso starting 
material may be due to epimerization at the C(2) or C(5) position after the first hydride is 
delivered from LAH (Scheme 124). The N-oxide bound to the aluminate may have sufficient 
basicity to abstract the benzo proton intramolecularly causing epimerization of the stereogenic 
center. However, it is remarkable that the same reduction protocol for singly aryl-substituted N-
Boc pyrrolidine proceeded smoothly (Scheme 49). These divergent behaviors may be attributed 
to the directionality of the N-oxide. For 2-aryl substituted analog, the N-oxide aluminate moiety 
could reside on the less hindered side of the molecule and deprotonation at C(5) position is 
inconsequential. In contrast, this opportunity does not exist for 2,5-diaryl substituted analog. It is 
also intriguing that the reduction of other 1-nitroso-2,5-diarylpyrrolidines by DIBAL-H (Scheme 
51) did not produce any meso product, presumably because of the steric bulk of two isobutyl 
groups that prevents intramolecular deprotonation. The actual mechanism behind LAH promoted 
epimerization remains unclear at this point. 
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Scheme 124 
 
 
 
3.5.2 Synthesis of Binaphthylene-Based Bis-hydrazone Ligands 
 A typical problem encountered during the preparation of 2,7-dimethylsubstituted 
binaphthylazepine 96 is the concommitant formation of nitrogen-elimination side product, 
eththylvinylbinaphthalene 97 (Scheme 125). The availability of the protons on the methyl 
substituent appears be the source of this problem. Therefore, future investigation can focus on 
the preparation of trifluoromethyl and trimethylsilyl analogs of 96. 
 
Scheme 125 
 
 
 Taking inspiration from the preparation of chiral-bridged biaryl phosphine ligands,111 
reported by Qiu and co-workers, a series of new biarylazepine-based bis-hydrazone ligands are 
proposed for future development. The key strategy is the desymmetrization of 2,2’,6,6’-
tetrahydroxybiphenyl by an activated chiral diol to access enantio- and diastereomerically pure 
bisphenol 140 (Scheme 126), The modularity of the R substituents and the length of chiral bridge 
should enable modification of the dihedral angle between the two aryl groups. 
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3.5.3 Attempted Preparation of Other Bis-hydrazone Ligands 
3.5.3.1 2,5-Dicyclohexylpyrrolidine-based Bis-hydrazone Ligand 
Route (a): 
 The low enantioselectivity encountered in Corey-Itsuno reduction of the cyclohexyl 
substituted diketone 100 (Scheme 78) was somewhat striking given that the reaction of phenyl 
analog proceeded in greater than 99:1 er. The general correlation between the higher 
enantioselectivity of this reduction and the greater steric differentiation between the two 
substituents on the carbonyl group does not seem to hold (Figure 17). Steric parameters such as 
Charton and Sterimol values both indicate that a cyclohexyl substituent (ν = 0.87; B1 = 1.91) is 
larger than a phenyl substituent (ν = 0.57; B1 = 1.71).
205 The ability for the cyclohexyl 
substituent to adopt different conformation or orientation with regard to the carbonyl 
functionality may be the reason of this discrepancy. 
 
 
Figure 17. General trend of Corey-Itsuno reduction of ketones. 
 
 The difficulty in achieving high enantioselectivity in Corey-Itsuno reduction of 
cyclohexyl substituted ketones finds ample precedent (Scheme 127).206 Whereas methyl phenyl 
ketone was reduced with excellent enantiopurity, a substantially lower selectivity was observed 
for methyl cyclohexyl ketone. Extending the chain length and further increase of the steric bulk 
of the R2 substituent dramatically decreases the efficacy of asymmetric induction. Notably, the 
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phenyl variant was significantly less sensitive to such changes. This trend is confluent with the 
observation for the reduction of the respective 1,4-diphenyl- and 1,4-dicyclohexylbutane-1,4-
dione, 53e and 100 (Table 16 and Scheme 79).  
 
Scheme 127 
 
 
 
Route (b): 
  The difficulty to obtain (1R,4R)-dicyclohexyl-1,4-diol in high enantiopurity by Corey-
Itsuno reduction initiated the investigation of an alternative strategy to access dicyclohexyl 
derived hydrazone ligand. It was envisioned that the readily obtained 1-amino-(2R,5R)-
diphenylpyrrolidine 55e could serve as an entry point towards the critical intermediate, 1-amino-
(2R,5R)-dicyclohexylpyrrolidine, by arene hydrogenation (Scheme 81). However, the failure to 
reduce the phenyl group may be due to the poisoning of the rhodium catalyst by the coordination 
of the amino group,207 although the Boc protected aminopyrrolidine 141 also resisted the 
reduction (Scheme 82). Inspection of a molecular model (PM6) of 141 reveals that considerable 
steric congestion imposed by the Boc group may be the cause of inactivity (Figure 18). However, 
the opposite face of the phenyl group appears to be exposed. Successful hydrogenation of a 
somewhat related molecule, 1,5-dimethyl-4-phenylimidazolidin-2-one, has been reported using 
the same RhCl3/Aliquat 336
® system.208 Both π-surfaces of this substrate are more exposed for 
interaction with rhodium nanoclusters. 
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Figure 18. Spacing filling models of 1-aminopyrrolidine 141 and imidazolidinon 142. 
 
 Based on the assumption that hydrogenation of benzene ring is inhibited by unprotected 
primary amine and steric hindrance, further substrate modification is required to circumvent this 
problem (Figure 19). To begin with, a protecting group smaller than tert-butoxycarbonyl can be 
considered in addition to increasing hydrogen pressure and reaction temperature. If no reactivity 
was observed, hydrogenation of 2,5-diphenylpyrolidine 65e should be tested. The absence of 
carbamate moiety should allow the hydrogenation catalyst to approach the phenyl groups more 
readily. The secondary amine in the pyrrolidine scaffold is somewhat buried and should be less 
poisoning to the catalyst than the primary amine of aminopyrrolidine. The potential of C-N bond 
hydrogenolysis should be anticipated. 
 
 
Figure 19. Potential reasons behind resistance in arene hydrogenation and a potential remedy. 
 
 If the direct hydrogenation of pyrrolidine 65e is successful, the familiar synthetic 
sequence can be followed to reach the target ligand (Scheme 128). The reduction of the 1-
nitroso-2,5-dicyclohexylpyrrolidine may be less problematic than that of the 1-nitroso-2,5-
diarylpyrrolidine discussed earlier (Section 3.5.1.5). The lower migratory aptitude of aliphatic 
substituent may alleviate the problem of rearrangement induced by nitrogen extrusion. Studies 
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by Overberger et. al. have demonstrated the reduction of 1-nitroso-2,5-dimethylpyrrolidine 
without formation of 1,2-dimethylcyclobutane.209 
 
Scheme 128 
 
 
 
Route (c): 
 Because an example for the arene hydrogenation of enantioenriched 1,3-diphenyl-1,3-
dione has been documented, it was believed that this method can be directly applied to the 
synthesis of non-racemic 1,4-dicyclohexyl-1,4-diol (Scheme 129) . Comparison of the enantio- 
and diastereomeric purities of diphenylbutanediol (R,R)-53e (>99:1er, 98:2 dr) with that of the 
reduced product dicyclohexylbutanediol (R,R)-101 (94:6 er, >99:1 er) apparently indicates some 
erosion of stereointegrity during the hydrogenation process. This conclusion is cautioned for four 
reasons. First, the Mosher’s ester derivatization only proceeded to 76% completion (Scheme 84). 
Second, statistically there is a higher chance to produce meso-diol 101 than the enantiomeric diol 
because epimerization of two stereogenic centers, instead of one, is required to generate the 
latter. Third, the inadvertent kinetic resolution during the process of Mosher’s ester formation 
can lead to false interpretation of enantiomeric composition. Fourth, the presence of the minor 
enantiomer of the chiral derivatizing agent can form additional diastereomers with the diol. 
Taking these factors into account, the functionalization of diol 101 with Mosher’s acid chloride 
should be repeated to ensure full conversion by increasing the equivalency of the reagent and 
extending the reaction time. This derivatization should also be repeated for the racemic diol 101, 
because the diastereomeric ratio of the three Mosher’s ester derivatives was fairly even 
(36:35:29). In consideration of these complications, analysis of the diol 101 directly by CSP-GC 
analysis may be a viable alternative since no chromophore is required for detection purposes, 
therefore derivatization may not be necessary. 
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Scheme 129 
 
 
 Despite these complications, the successful arene hydrogenation of 1,4-
diphenylbutanediol 53e warrants further investigation of this synthetic route (Scheme 85). 
Clearly, endeavors in reaction optimization leading to iminoacetaldehyde 105 is required. First, a 
milder mesylation condition of the diol 101 at a lower temperature may reduce the formation of 
side products (Scheme 130). In this case, a solvent more polar than methylene chloride may be 
needed to address the solubility issue of (R,R)-101. Second, it may be worth investigating in a 
better leaving group such as tosylate or triflate to facilitate displacement by hydrazine or its 
surrogate. A less direct route may involve the preparation of 1-allyl-2,5-dicyclohexylpyrrolidine 
143 followed by events of deallylation,124 nitrosation and reduction of the nitroso group. 
 
Scheme 130 
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3.5.3.2 Future Development 
 Because the critical intermediate in the synthesis of cyclohexyl derived bis-hydrazone 
ligand is the chiral and non-racemic 1,4-dicyclohexylbutane-1,4-diol, three alternative 
preparations are provided for future reference (Scheme 131). The first approach sets the 
configuration of the alcohol by a ruthenium-catalyzed asymmetric hydrogenation of methyl 
cyclohexanoylacetate (Scheme 131, (a)). The corresponding product is saponified and then 
subjected to Kolbe electrolysis.210 The second approach relies on lithium tetramethylpiperidine 
(LiTMP) promoted carbenoid dimerization of the (R)-2-cyclohexyloxirane obtained by 
Jacobsen’s kinetic resolution protocol (Scheme 131, (b)).211 The (E)- and (Z)-1,4-
dicyclohexylbut-2-ene-1,4-diols then converge into the same diol after hydrogenation. The third 
approach employs Sharpless’ asymmetric dihydroxylation and Peterson olefination to generate 
the chiral 1-cyclohexyl-2-propenol,212 which is then set up for RCM through a silyl or sulfuryl 
tether (Scheme 131, (c)). Removal of the tether is then followed by hydrogenation to provide the 
diol of interest. 
Scheme 131 
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 The unsaturated (Z)-1,4-diol involved in Scheme 131 can provide an alternative entry 
point to the target ligand (Scheme 132). Because of the allylic nature of these alcohols, their 
activated forms such as dimesylates or cyclic sulfates should be more amenable toward SN2 
displacement by hydrazine or its surrogate than the saturated analog. The challenge is then 
shifted to hydrogenation/reduction of the olefin without cleavage of the allylic C-N bond.  
 
Scheme 132 
 
 
 
In line with the interest in the C2-symmetric bis-hydrazone ligand without aromatic 
substituent, ligand featuring a trans-relationship between the two cyclopentane rings flanking the 
pyrrolidine is proposed (Scheme 133). The synthesis of the critical intermediate, tricyclic amine 
147, has been reported using cheap and readily available starting materials in five steps.213 
Oxidative dimerization of cyclopentanone affords a mixture of racemic and meso diketones 144. 
Reductive amination of this mixture with formamide provides the corresponding formamides 
rac-145 and meso-145. Removal of the undesired meso-145 is accomplished by rate-differential 
hydrolysis under basic condition. Resolution of rac-146 with (+)-mandelic acid followed by 
neutralization gives the tricyclic amine 147 of interest. Applying the synthetic sequence already 
established, namely nitrosation, reduction of nitroso group and double-condensation with glyoxal 
should allow the preparation of proposed ligand 148. This synthesis should also be applicable to 
1-indanone as the starting ketone. 
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Scheme 133 
 
 
 
3.5.3.3 2,4-Diarylazetidine-Based Bis-hydrazone Ligand 
 Future investigation for the synthesis azetidine derived hydrazone ligand 106 should be 
carried out on two fronts. Firstly, the proposed synthetic route (Scheme 134) should be studied 
by further exploring alternative hydrazine surrogates. Specifically, considerations should be 
given to the steric factors such that the protecting group does not to interfere with the reacting 
site and the unmasking of the aminoazetidine. One starting point is to explore the reactivity of 
(diphenylmethylene)hydrazine. The aromatic moiety can be adjusted accordingly or replaced 
altogether with less hindered aliphatic substituents to eliminate delocalization of the electrons on 
the terminal nitrogen. The iminoazetidine is then hydrolyzed under acidic condition to unveil the 
amino group. 
 
Scheme 134 
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 The second approach took inspiration from the synthetic route developed for the 
synthesis of various 2,5-diarylpyrrolidine-based hydrazone ligands (Scheme 135). The key to the 
success of this synthetic sequence depends on the reduction of 2,4-diaryl-1-nitrosoazetidine. 
Ring contraction by elimination of nitrogen gas was a major problem for the reduction of 2,5-
diarylnitrosopyrrolidine. A similar process leading to the formation of 1,2-diarylcyclopropane 
from the corresponding nitrosoazetidine should be anticipated.214 The synthesis of 2,4-
diphenylazetidine has been documented, which entails rhodium-catalyzed deallylation of 1-allyl-
2,4-diphenylazetidine prepared from treatment of the activated 1,3-diphenylpropane-1,3-diol 
with excess allylamine.124 
 
Scheme 135 
 
 
 
3.5.3.4 2,3-Diarylaziridine-based Bis-hydrazone Ligand 
 Similar synthetic sequence to that of the azetidine analog can be envisioned for the 
preparation of hydrazone ligands with aziridine scaffold (Scheme 136). However, a literature 
report indicates that chiral 2,3-diphenylaziridin-1-amine cannot be prepared from the chiral 
hydrobenzoin dimesylate due to competitive β-elimination and hydrolysis of the resulting vinyl 
mesylate.215 
Scheme 136 
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 A viable alternative is to prepare the 1,2-diphenylaziridine by Mitsunobu reaction of 2-
amino-1,2-diphenylethanol165 followed by nitrosation (Scheme 137). The critical step, again, is 
the reduction of nitroso group, which may produce stilbene as the potential side product from 
competitive elimination. 
Scheme 137 
 
 
 
3.5.4 Ligand Effect on the Coupling of 2-Methylnaphthylsilanolate 
During the initial stage of the ligand survey, a high temperature (110 °C) was found to be 
necessary for the coupling of 2-methylnaphthylsilanolate K+33− when chiral bidentate phosphine 
ligands were used (Table 14). This is not surprising since partial ligand dissociation is required to 
generate an empty coordination site for transmetalation. Consistent with this notion, the 
monodentate, MOP-type ligands allowed the couplings to be conducted at 90 °C (Table 15). 
Good reactivities were also observed with diene and bis-hydrazone ligands at this temperature 
because of facile ligand-dissociation from palladium that originates from their weaker 
coordinating abilities than bisphosphines.216-221  
The bite angle of biaryl-based ligand appears to influence the degree of enantioselectivity 
as demonstrated by (R)-BINAP (50:50 er) and (R)-H8-BINAP (30:70).
222-224 A smaller angle has 
been reported for the former ligand in the crystal structure of [Rh{(R)-BIANP}(COD)]ClO4 
(74.8°) compared to the latter in [Rh{(R)-H8-BIANP}(COD)]ClO4 (80.3°).
225  Interestingly, the 
MOP-type ligands lacking of the second diphenylphosphine unit is also able to interfere 
selectivity (Table 15). The inability to improve the selectivity by structural modification of the 
ether moiety may be an indication that the oxygen atom does not participate in the 
stereodetermining step. In contrast, a closely related ligand, KenPhos was found be very 
effective in stereocontrol.112 Inspection of a molecular model shows that the 
naphthylphosphonate substrate interacts with the ligand through three weak hydrogen-bondings 
(Figure 14). Thus, the polar functionality of the coupling partner is a critical factor for high 
enantioselectivity. This restriction may similarly be applied to MOP-type ligands and could be 
the explanation of moderate selectivity for the coupling of non-polar substrates. 
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In the initial reaction optimization using bis-hydrazone ligand 50e, toluene was found to 
be a superior solvent than 1,4-dioxane with respect to reaction time, yield and enantioselectivity 
(Table 28, entries 2 and 5). This observation may be rationalized by the ability of polar solvent to 
interact with palladium intermediates. The dioxane molecule could potentially occupy a 
coordination site competitively because of its infinite concentration. As a consequece, 
transmetalation is slower and the chelation of the chiral hydrazone ligand is disrupted to a small 
extent.  
The choice of palladium source has a more dramatic impact on the efficiency of the 
reaction. The cross-coupling employing (MeCN)2PdCl2 proceeded slowly possibly because of 
the difficulty in double transmetalations from two aryldimethylsilanolates, which provides 
diarylpalladium complex necessary for the formation of active Pd(0) species by reductive 
elimination. In contrast, Pd(0) is generated readily from [allylPdCl]2 by nucleophilic attack of the 
allyl moiety with silanolate.189 
The structural-activity relationship study of the asymmetric cross-couplings revealed that 
the use of bulkier bis-hydrazone ligands generally correlates with longer reaction times and 
lower product yields (Table 29). The increased steric encumbrance likely raises the energy 
barriers for both oxidative addition and transmetalation steps thus resulting in a more sluggish 
reaction. The effect of bulky ligand on enantioselectivity is discussed separately (Section 3.5.7). 
Further SAR analyses (Table 30) have revealed the critical features of bis-hydrazone 
ligands (Figure 20). Aromatic substituents at both the 2- and 5-positions of the pyrrolidine are 
necessary for high enantioselectivity. The rigidity of the pyrrolidine ring is required because no 
asymmetric induction was observed if the C(3)-C(4) linkage is missing. The 2,6-
diphenylpiperidine analog has also been shown to provide lower selectivity.94 A five-membered 
palladacycle formed from the chelation by the bis-hydrazone ligand is a much superior catalyst 
than the six-membered analog. The presence of each chiral hydrazone unit is important as 
demonstrated by the coupling using pyridine-hydrazone hybrid 78 (52:48 er) (Table 30, entry 9).  
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Figure 20. Critical features of 2,5-diaryl based bis-hydrazone ligands to facilitate high 
enantioselectivity in the catalytic asymmetric biaryl coupling. 
 
 
3.5.5 Cross Coupling of 2-Methoxynaphthylsilanolate 
The general trends in terms of selectivity and reactivity for the coupling of 2-
methoxynaphthylsilanolate K+120− mimic that of 2-methylnaphthylsilanolate K+33−; a bis-
hydrazone ligand with a bulkier aromatic substituent than phenyl correlates with a lower 
enantioselectivity and product yield. Nevertheless, further discussion can be made by 
scrutinizing the data in Table 31.  
The results from entries 1-3 deserve comments. First, the enantiomeric purity of the 
chromatographed product (entry 1) is lower than that of the further purified product after 
removal of residual siloxanes (entry 2). Two possibilities can be proposed to explain this 
discrepancy: (1) siloxanes co-elute with the major enantiomer of the product in CSP-SFC 
analysis, or (2) enhancement of enantioselectivity due to purification. To eliminate one of these 
hypotheses, the siloxane byproducts were subjected to CSP-SFC analysis; no overlap with either 
the major or minor enantiomers of the products was detected. Further, the solvent used to wash 
away siloxanes from the chromatographed product was analyzed, which showed a substantially 
lower er (33:67). These results unambiguously eliminate the first hypothesis and demonstrate the 
ease of accidental enantiomeric enhancement.  
Second, a significant amount of background reaction was detected (entry 3). It is 
intriguing that coupling product was produced in substantial amount (56%) in the absence of 
hydrazone ligand. This phenomenon has been documented previously from these laboratories.189 
Presumably, the product generated from the reduction of palladium(II) is non-innocent (Scheme 
138). Although the main role of silanolate is to serve as the nucleophilic coupling partner, a 
small portion of it is responsible for the generation of active catalyst. Thus, the silanolate reacts 
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with the allyl group of the allylpalladium chloride dimer and the resulting silyl allyl ether 149 
can, in principle, stabilize palladium(0) to some extent by acting as a π-ligand. Palladium 
complexes with olefin ligands are well documented.226 Therefore, it should be noted that this is 
not a true “ligandless” condition.227 To support the above hypothesis, (MeCN)2PdCl2 was used in 
place of [allylPdCl]2 as the precatalyst to avoid formation of silyl allyl ether 149. Indeed, an 
increase of enantiomeric ratio of the biaryl product from 21:79 to 12:88 was observed. 
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Considering the extent of background reaction, it is remarkable that meaningful 
enantioenrichment can be observed when a phenyl or naphthyl substituted ligand is present 
(entries 1 and 4). This observation implies that palladium associates to the bis-hydrazone ligand 
much more strongly than to allyl silyl ether 149. However, such speculation may not be applied 
to the bulkier bis-hydrazone analogs, in which, lower enantioselectivities or a near racemic 
mixture of the biaryl product was obtained (entries 6-8). The increased steric bulk may hinder the 
coordination of these ligands to palladium effectively resulting in competitive background 
reaction.  
In terms of reaction time and yield, the coupling of 2-methoxynaphthyl silanolate 
K+120−, was more sluggish than the less electron-rich 2-methylnaphthylsilanolate K+33− 
(Scheme 139). These results are somewhat surprising, given that Hammett study revealed an 
electron-rich nucleophile should accelerate the rate of the reaction by stabilizing a partial 
positive charge of a transition state (Chapter 2).184 Additionally, the steric hindrance of 2-methyl 
substituent should further retard the rate of transmetalation. This conundrum may be reconciled 
by the difference in the solubility of the silanolates. Whereas the 2-methyl substituted silanolate 
K+33−  can be characterized in d6-benzene, the 2-methoxy congener K
+
120
−  is almost 
completely insoluble, and its characterization was conducted in d8-THF. At the reaction 
temperature (70 °C), silanolate K+33− almost completely dissolved in toluene after 10 minutes 
whereas silanolate K+120− did not. Consequently, the lower concentration of silanolate in the 
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solution may result in a slower reaction, because the activated transmetalation is the major 
pathway in the catalytic cycle and it is concentration dependent (Chapter 2).74 On the contrary, 
the minor, thermal transmetalation pathway does not depend on a second equivalent of the 
silanolate for the transfer of aryl group. The possibility of unproductive coordination of the 
methoxy group to palladium over π-coordination prior to transmetalation cannot be excluded 
(Scheme 137). The moderate yield of the biaryl product can potentially be improved by simply 
increasing the equivalency of the silanolate K+120− to ensure full consumption of the 1-
bromonaphthalene in the cross-coupling reaction and to compensate for unproductive siloxane 
formation. 
 
Scheme 139 
 
 
 As has been noted previously for the role reversal experiments, the reaction is 
significantly slower when the electron-donating group is on the aromatic bromide rather than on 
the aromatic silanolate (Table 31, cf. entries 1, 9, 4 and 10). This observation can be rationalized 
by examining the electronic and steric influence of the substituent on the catalytic cycle.184 
Slower oxidative addition is expected for a more electron-rich aryl bromide such as 2-methoxy-
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1-bromonaphthalene compared to 1-bromonaphthalene.72 Additionally, the 2-methoxy 
substituent could engender some steric hindrance towards the site of C-Br bond breakage. These 
two factors can also manifest in the transmetalation step. Since the palladium(II) center is less 
electron-deficient but more sterically hindered, the transfer of aromatic moiety from the 
dimethylsilyl unit would be less efficient (Figure 21). 
 
* *
 
Figure 21. Electronic and Steric environments of palladium(II) center of the pre-transmetalation 
intermediate. 
 
 
3.5.6 Stereodetermining Step 
     Preliminary mechanistic insight of the stereodetermining step is gained by the donor-
acceptor reversal of the coupling partners (Scheme 140, Eqs. 1 and 2). Interestingly, 2-methyl-
1,1'-binaphthalene is obtained as the (R)-configured isomer from both reactions with the same 
enantioselectivity (95:5 er). Further comparison with the results from the Suzuki-coupling (Eq. 
3)14 indicates the stereodetermining step is also independent of the element of the transmetalating 
unit (Si vs. B). This statement is also true for the coupling of 2-methoxynaphthyl and naphthyl 
moieties (Scheme 141). These observations strongly suggest a common intermediate and the 
same elementary step in the catalytic cycle is involved in the determination of product 
configuration.  
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Scheme 140 
 
 
 
 
Scheme 141 
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  Analysis of the proposed catalytic cycle (Scheme 142) reveals that Pd(II) complexes C 
and C’ are the common intermediates involved in Eqs. 1-3 (Scheme 140); the aryl substituents 
on the palladium have no memory of their origins, either from the donor or the acceptor. In 
contrast, complexes A, A’ and B, B’ are directly associated with the identity of aryl bromide and 
transmetalating agent respectively. On the basis these preliminary findings, reductive elimination 
is hypothesized to be the stereodetermining step. 
 
Scheme 142 
 
 
 
3.5.7 Origin of the Enantioselectivity 
 To aid the understanding of the origin of enantioselectivity, molecular modeling was 
performed. Using (R,R,R,R)-configured 50e as the representative bis-hydrazone ligand, the 
corresponding palladium complex was computed in the following manner. The coordinates of 
the two chelating nitrogens and the two aromatic substituents on the palladium were 
approximated using ethane-1,2-dimine and phenyl groups by density-function theory (DFT) at 
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B3LYP/6-31G* level (Figure 22). This simplified structure was then decorated with (2R,5R)-
diphenylpyrolidines and the two coupling moieties, 2-methyl-1-naphthyl and 1-naphthyl groups 
to furnish the diarylpalladium-bishydrazone complex (50e)PdR2. The core structure surrounding 
palladium was kept constant while the remainder of the molecular was optimized by semi-
empirical method at PM6 level.  
 
 
Figure 22. Modeling of diarylpalladium complex of (R,R,R,R)-50e at ground state. 
 
 To clarify the spatial environment created by the ligand, the two naphthyl moieties are 
temporarily removed (Figure 23, left). Because of the C2-symmetry of the ligand, the NW and 
SE quadrants are both occupied by the phenyl group from the ligand. On the contrary, empty 
spaces can be seen in the SW and NE quadrants. These chiral pockets would be expected to 
dictate the orientation of the substrates (Figure 23, right). In the current model, the two empty 
quadrants are occupied by the naphthyl rings and the relatively less hindered Me-C(2) and H-
C(2) substituents are positioned in the more congested quadrants. The two naphthyl groups are 
not aligned but are tilted in a propeller sense. Because of the presence of these aromatic groups, 
the pyrrolidine rings of the ligand are slightly distorted away from the plane containing the bis-
imine to alleviate steric strain.  
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 To facilitate discussion, a simplified picture is provided to depict the steric environment 
created by the ligand and the position of the naphthyl group. The shaded block represents filled 
quadrant and the label B represents the location of naphthyl B-ring. 
 
Figure 23. Steric environment imposed by chiral ligand (R,R,R,R)-50e. 
 
On the basis of this model, the origin of enantioselectivity can be rationalized. The 
transition structure leading to the C-C bond forming event is likely accompanied by a clockwise 
conrotatory action of both naphthyl groups to avoid head-on collision between Me-C(2) and H-
C(8) (Figure 24). This movement leads to the expected (S)-product from a (R,R,R,R)-bis-
hydrazone ligand. The counterclockwise motion would engender unfavorable steric interaction 
between the 2-methyl substituent and phenyl group of the ligand. This motion leads to (R)-
product. If the enantioselectivity observed for this coupling (95:5) is contributed by these 
opposing movements, an energy difference of 1.9 kcal/mol at 70 °C can be calculated between 
the two respective transition structures. The above hypothesis implies that the energy difference 
between TS-S and TS-R would be greater if both naphthyl moieties have a methyl substituent at 
the 2-position, because two unfavorable steric interactions are engendered when both C−Pd 
bonds are rotated in the counterclockwise direction. Consistent with this hypothesis, an energy 
difference of 3.0 kcal/mol was estimated based on 92:8 er at 110 °C for the coupling of 
potassium 2-methyl-1-naphthyldimethylsilanolate and 1-bromo-2-methylnaphthalene. 
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Figure 24. Hypothesis for the origin of enantioselectivity. 
 
 This model also suggests that a less sterically encumbered substituent such as a methoxy 
group at the 2-position of the substrate, should lower the transition state energy leading to the 
minor (R)-product (Figure 25). Consequently the ∆∆Gǂ between TS-S and TS-R is decreased and 
a lower enantioselectivity is expected. At 70 °C, the 2-methoxybinaphthalene was obtained in 
88:12 er which is lower than 95:5 er obtained for 2-methylbinaphelene at the same temperature. 
  
 
Figure 25. Hypothesis for decreased enantioselectivity for the coupling of less hindered 
substrate. 
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Applying the same logic, the lower enantiomeric ratios observed using 3,5-disubsituted 
aryl ligands may be understood (Figure 26). These substituents extend their presence into the 
empty quadrants. As a result, the naphthyl groups encounter some steric repulsion not 
experienced with the phenyl substituted ligand 50e. This interaction is indicated by the double-
headed arrows in both front view and side view. On the contrary, the 3,5-subsitituents are distal 
to the 2-methyl group of the substrate. Therefore, the transition-state energy corresponding to 
counterclockwise rotation (TS-R) is relatively unaffected. The overall effect is a decreased ∆∆Gǂ 
which is reflected by a lower er. 
 
 
Figure 26. Hypothesis for decreased enantioselectivity using 3,5-disubstituted aryl hydrazone 
ligands. 
 
 These lines of thought suggest that higher enantioselectivity may be possible if steric 
interaction can be introduced to disfavor counterclockwise rotation. In this regard, the 2-tolyl 
substituted ligand 50e was proposed because of the directionality of the 2-methyl substituent 
pointing directly toward 2-methyl group of the substrate. Furthermore, the 2-methyl group of the 
ligand has the opportunity to rotate away from NE and SW quadrants to create empty pockets 
similar to that of the phenyl ligand 50e-palladium complex. Unfortunately, racemic coupling 
product was observed which may suggest free rotation of the C(2)−tolyl bond that creates steric 
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repulsion at all four quadrants. Alternatively, this ligand may simply be too bulky for effective 
coordination resulting in background reaction. 
 Although adequate rationalizations can be provided for a number of observation 
described above, the crude model cannot justify the lower enantioselectivity observed using 
electron-deficient ligand 50c and 50d solely on the basis of steric arguments. As has been hinted 
at by Fernández et. al., arene-arene interaction may favor alternative orientation of the two 
naphthyl groups with respect to the ligand such that the B-rings are in the same quadrants as 
phenyl group. With this consideration, three more limiting diastereomeric diarylpalladium 
complexes can be formulated (Figure 27); one of which has two potential arene-arene 
interactions. These isomers are expected to have a preference for one of the two enantiomeric 
biaryl products.  
 
 
Figure 27. Numbers of potential arene-arene interaction for diarylpalldium complexes. 
 
 
 In collaboration with Houk and Liu at UCLA, these diastereomeric complexes were 
subjected to calculation at a high level of theory to account for the solvent effect and dispersion 
interaction. The geometry was optimized with density function theory at B3LYP level with a 
mixed bases set; SDD for Pd and 6-31G(d) for other atoms. Single point calculations were 
performed at M06 level with SMD solvent model and a larger basis set, SDD for Pd, and 6-
311+G(d,p). A total of 8 transition structures (Figure 28) were located for the diarylpalladium 
complex; half of which simulate clockwise conrotatory reductive elimination (TS-A, TS-B’, TS-
C and TS-D’) and the other half simulate counterclockwise conrotatory reductive elimination 
(TS-A’, TS-B, TS-C’, TS-D). 
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Figure 28. Transition structures for diarylpalladium complex of phenyl substituted bis-
hydrazone ligand (R,R,R,R)-50e. Unfavorable interactions between the two naphthyl moieties are 
indicated by the distances between two atoms (< 80% of the sum of van der Wall radii). 
 
In accord to the low-level ground-state calculation for A discussed previously, the most 
stable transition structure TS-A also features a propeller arrangement pre-disposed to the 
formation of biaryl (S)-35. The B-rings of the naphthyl groups are located at the relatively empty 
NE and SW quadrants. The transition structure, TS-A’, leading to the (R)-product has 
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significantly higher energy because of steric repulsion between Me-C(2)/H-C(8’) (2.17Å) and H-
C(8)/H-C(2’) (1.86 Å). The geometry of palladium is considerably distorted from square planar 
to minimize steric strain. Only one energy minimum was located for the ground-state structure 
for the two transition structures suggesting rapid interconversion between conformers from the 
rotation of Pd-CAryl bond at the ground-state. 
The second most stable transition structure TS-B has two B-rings at the NW and SE 
quadrants. To minimize steric interaction between substrates and phenyl groups of the ligand, the 
palladium is again distorted from square-planar geometry. The (R)-product is expected from this 
diaryl-Pd arrangement. The clockwise conrotatory motion implied by TS-B’ engenders steric 
strain observed similarly for TS-A’; the distance between C(2)/H-C(8’) (2.26 Å) and between H-
C(8)/H-C(2’) (1.86 Å) are within 80% of the sum of the van der Waal radii (Å).  
The two naphthyl moieties in transition structures TS-C, TS-C’, TS-D and TS-D’ have 
syn relationship. These structures have unfavorable interaction between H-C(8)/C(8’) or C(8)/H-
C(8’). Therefore, energies higher than those for TS-A and TS-B were found. 
Based on the energy difference (2.9 kcal/mol) between the two most stable transition 
structures TS-A and TS-B, the predicted er (99:1) is comparable to observed er (95:5) at 70 °C.  
The same calculations were applied to electron-deficient ligand 50c for the two lowest 
transition structures, TS-A and TS-B (Figure 29). This endeavor revealed a smaller energy 
difference between the two structures (1.4 kcal/mol), which may be attributed to arene-arene 
interaction between substrates (B-ring) and ligand (4-trifluorophenyl) in TS-B. The distances 
between the centroid of the two π-systems are 3.96 Å and 4.47 Å. The corresponding distances 
in the phenyl hydrazone-complex (R,R,R,R)-50e  are 4.27 Å and 4.60 Å (Figure 28). These 
results bode well with the stronger arene-arene interaction between electron-rich and electron-
deficient π-system than between two electron-rich π-systems.228 In either case, a longer distance 
is measured between the π-systems located at the NW quadrant than at the SE, because the 2-
methyl substituent is repelled by the nascent naphthyl moiety. The computed er (91:9) based on 
the energy difference between TS-A and TS-B closely approximates the observed er (90:10) at 
70 °C.  
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Figure 29. Transition structures for diarylpalladium complex of 4-trifluorophenyl substituted 
bis-hydrazone ligand (R,R,R,R)-50c. 
 
 
3.5.7.1 Future Development 
The modeling studies provided much insight into the origin and extent of 
enantioselectivity. Nevertheless, a number of issues remained to be addressed. First, the 
predicted enantioselectivity was based on the energy difference relative to the most stable 
transition structure such as TS-A. A more precise estimate of ∆∆Gǂ should be calculated from the 
respective ∆G values. Therefore, the ground-state energies corresponding to each transition 
structure, Aǂ-Dǂ need to be computed. Second, the validity of the advanced calculations need to 
be examined on other ligands such as 3,5-dimethyl and 3,5-bis(trifluoromethyl) substituted 
ligands. Lastly, the interconversion barriers between diarylpalladium complexes A-D need to be 
estimated. High energy barriers would suggest that reductive-elimination step does not determine 
the enantioselectivity and the product composition is a consequence of the ratio of A/B/C/D. 
Preliminary calculation at PM6 level indicates that interconversion is unlikely if the hydrazone 
ligand is bound to palladium in bidentate mode. The steric environment imposed by the ligand 
prohibits rotation of one naphthyl group from passing the other. However, interconversion may 
be possible if the ligand is bound in monodentate mode leaving palladium with an empty 
coordination site.229 This hypothesis is worth considering if the ligand does not associate to 
palladium tightly. Several observations suggest that bis-hydrazones are weakly coordinating 
ligands. Attempts to prepare oxidative addition complex by ligand displacement strategy with 
mono-, bidentate phosphine complexes and diamine complexes were unsuccessful. Inefficient 
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and incomplete displacement of cyclooctadiene from its PdCl2 complex was observed with 
piperidine-based bis-hydrazone 46. The solution NMR of (S,S,S,S)-(50e)PdCl2 showed multiple 
and undefined broad peaks at −40 °C, which could imply rapid equilibration between bidentate 
and monodentate binding modes. The allyl silyl ether byproduct generated from activation of 
[allylPdCl]2 was found to slightly lower the product er in some cases by acting as a competitive 
ligand. These circumstantial evidences indicate conversion between diarylPd complexes A-D is a 
possibility through partial ligand dissociation. Importantly, the results from the donor/acceptor 
reversal experiments support reductive elimination as the stereodeteremining step implying that 
diastereomeric complexes A-D are in equilibration.  
From a mechanistic point of view, the empty coordination site required for the 
transmetalation event necessitates the partial dissociation of the bidentate ligand (Scheme 143). 
The bulky tri-tert-butylphosphine ligand successfully employed in the preparative cross-coupling 
(Chapter 1) and Hammett study (Chapter 2) ensures a tricoordinate palladium intermediate to 
facilitate transmetalation. Bidentate phosphine ligands, a stronger chelating ligands than bis-
hydrazones, were found to be generally less effective in the cross-coupling reaction of 
aryldimethylsilanolate. Transmetalation to a tetracoordinated palladium is unfavorable based on 
prior calculations.230 Therefore, an opportunity exists for the equilibration between A-D through 
tricoordinated palladium after transmetalation and before re-association of hydrazone ligand. 
Scheme 143 
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In summary, the refinement of the molecular model and enantiomeric selectivity 
predictions require further calculation of the ground-state energy for all diarylpalladium 
complexes and the interconversion barriers between them.  
 
 
3.5.8 Palladium(II) Complex of Bis-hydrazone Ligand 
 The collective results from the attempted preparation of oxidative addition complex 
suggest that bis-hydrazone is a weakly coordinating ligand. Ligand exchange experiments show 
that it is incapable of replacing diamine and phosphine ligands including TMEDA, PPh3, t-Bu3P 
and dppp (Scheme 102). Although displacement of bidentate olefin ligand such as 1,5-
cyclooctadiene is possible, this process is extremely inefficient (Scheme 114).  
 Further evidence of the weak coordinating ability of hydrazone ligands may be inferred 
from the NMR spectrum of a metal complex. The complexation of bis-hydrazone ligand 46 to 
palladium chloride only causes a minor perturbation of the proton chemical shift and slight 
broadening of the signals (Scheme 144). Slight downfield shifts of the α-CH and β-CH of 
piperidine ring are observed which can be rationalized by coordination to the Lewis acidic PdCl2 
moiety and resonance contribution of the hydrazone moiety that inductively removes electron 
density from the adjacent carbons. The distal γ-proton is not affected. In the case of chiral 
hydrazone complex (S,S,S,S)-(50e)PdCl2, multiple and undefined peaks are observed in solution 
suggesting rapid equilibration between various conformers. 
 
Scheme 144 
 
 
 One major problem in the preparation of oxidative addition adduct of palladium-
hydrazone ligand complex via transmetalation is the formation of homocoupled biaryl product 
and concommitant palladium deposition (Scheme 102). The transfer of an aryl group from an 
organometallic reagent (Aryl-M) to palladium dichloride complex (46)PdCl2 produces a 
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arylpalladium chloride complex (46)Pd(Aryl)Cl (Scheme 145). This intermediate undergoes 
disproportionation to form (46)Pd(Aryl)2 and (46)PdCl2 (route a).
231 An alternative pathway 
involving consecutive displacement of the chloride anions with two aromatic donors is also 
possible (route b).231 Reductive elimination of the diarylpalladium complex gives the 
homocoupled product and an equivalent of bis-hydrazone palladium(0), (46)Pd0. Redistribution 
of ligand generates the observed (46)2PdCl2 and palladium black.  
 
Scheme 145 
 
 
The feasibility of the above process is dependent on the identity of the transmetalating 
agent. Whereas the use of diphenylmercury leads to rapid formation of biphenyl, no 
homocoupled product was detected when the corresponding di(perfluorophenyl) reagent is used. 
The divergent behavior may originate from the different stability of the (46)Pd(Aryl)Cl complex. 
The electron-deficient perfluorophenyl renders the palladium(II) more Lewis acidic. Therefore, 
the bis-hydrazone ligand associates to the metal center more strongly (Scheme 146). Even 
though an excess amount of (C6F5)2Hg is added, the second displacement of the chloride anion 
does not occur easily. This observation is consistent with the explanation that ligand dissociation 
occurs less readily and the fully coordinated palladium center is too congested for subsequent 
nucleophilic attack, despite the increased electrophilicity of palladium complex. On the contrary, 
the corresponding phenylpalladium complex is much more electron-rich and is less capable to 
have a strong chelation from the hydrazone ligand. Although there appears to be a relationship 
between the ease of ligand dissociation and formation of homocoupled product, more 
experimentation is required to confirm this hypothesis. 
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Scheme 146 
 
 
 
3.5.8.1 Future Development  
 The lessons learnt from the above studies should facilitate future endeavors in the 
preparation of chiral bis-hydrazone palladium(II) complexes (Scheme 147). The lability of the 
chiral 2,5-diphenylpyrrolidine-based hydrazone ligand (R = Ph, X = Cl−) has complicated the 
NMR characterization and crystallization of its palladium dichloride complex. The 
corresponding dicationic complex using the less coordinating anions232 such as tetrafluoroborate, 
hexafluoroantimonate and BArF could potentially slow down the dynamic behavior of the ligand 
by forming a stronger complex because the palladium is more Lewis acidic. 
 
Scheme 147 
 
 
 The key to prepare oxidative addition (OA) complex of bis-hydrazone is also an electron-
deficient palladium(II) center. Such complex is stabilized by enhanced coordination from the 
ligand as demonstrated by the ability to isolate (46)Pd(C6F5)Cl, but not (46)Pd(Ph)Cl. An 
additional benefit appears to be the minimization of homocoupling. Therefore, an electron-
deficient aromatic substituent is recommended. The installation of this arene should be 
performed using an organomercury reagent because of its mildness. 
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 The stability of oxidative addition complex may be fine tuned by increasing the electron-
density on the ligand, although the impact by modifying 2,5-disubstituents of the pyrrolidine ring 
may be limited due to considerable distance between these moieties and the nitrogen atoms 
responsible for chelation. 
 The preparation of pre-transmetalation (pre-TM) intermediate requires the use of a 
sterically bulky and electron-deficient arylsilanolate (e.g. 2,4,6-
tris(trifluorophenyl)dimethylsilanolate) to minimize accidental transmetalation (TM). The 
lithium or silver salt of this nucleophile should be employed to minimize activation of the silicon 
unit. Replacing the dimethylsilyl unit with the diisopropylsilyl unit may also be beneficial. 
 The diarylpalladium complex of chiral bis-hydrazone ligand is likely the most 
challenging intermediate to prepare, because the cis relationship of the two aromatic groups 
predisposes them toward reductive elimination. This process may be delayed if both arenes are 
electron-deficient.71,233 
 
 
3.6 Conclusion 
 In summary, two synthetic routes have been investigated that allows access to various 
diarylpyrrolidine-based chiral bis-hydrazone ligands. This endeavor enables systematic studies of 
the ligand effects on the asymmetric cross-coupling reaction of aryldimethylsilanolate. Ligands 
with electron-rich/neutral and unhindered aromatic substituents on the 2,5-positions of the 
pyrrolidine ring generally correlate with higher enantioselectivities and reactivities. Preliminary 
mechanistic studies by donor/acceptor reversal experiments indicate that reductive elimination is 
likely the stereodeteremining step. Efforts in the preparation of bis-hydrazone palladium 
complexes have laid the foundation for future investigation of the chiral palladium(II) 
intermediates. Importantly, the interpretation of the origin of enantioselectivity has been 
facilitated by computational modeling. The arene-arene interaction has been identified as the 
culprit of lower selectivity observed for 4-trifluoromethylphenyl substituted ligand 50c. This 
result implies that eliminating the π-density on the ligand (e.g. cyclohexyl substituent) should 
enhance the enantioselectivity by raising the transition state energy toward the minor enantiomer. 
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4 Experimental 
4.1 Procedures for Chapter 1 
4.1.1 General Experimental 
All reactions were performed in oven (110 °C) and/or flame dried glassware under an 
atmosphere of dry nitrogen or argon, unless noted. Reaction solvents tetrahydrofuran (Fisher, 
HPLC grade) and diethyl ether (Fisher, BHT stabilized ACS grade) were dried by percolation 
through two columns packed with neutral alumina under a positive pressure of argon. Reaction 
solvents hexanes (Fisher, OPTIMA grade) and toluene (Fisher, ACS grade) were dried by 
percolation through a column packed with neutral alumina and a column packed with Q5 
reactant, a supported copper catalyst for scavenging oxygen, under a positive pressure of argon. 
Reaction solvent dioxane was distilled over sodium prior to use.  Reaction solvents tert-butanol, 
benzotrifluoride, NMP and pyridine were distilled from CaH2 prior to use.  Reaction solvent 
DMF was purchased from Acros containing 50 ppm water stored over 4 Å mol. sieves.  Solvents 
for filtration and chromatography were certified ACS grade. “Brine” refers to a saturated 
solution of sodium chloride. All reaction temperatures correspond to internal temperatures 
measured with Teflon coated thermocouples unless otherwise noted.  
1H and 13C NMR spectra were recorded on a Varian Unity 500 (500 MHz, 1H; 126 MHz, 
13C) or a Varian VXR (500 MHz, 1H; 126 MHz, 13C) spectrometer.  Spectra were referenced to 
residual chloroform (7.26 ppm, 1H; 77.0 ppm, 13C).  Chemical shifts are reported in ppm, 
multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), p (pentet), h (hextet), 
m (multiplet) and br (broad).  Coupling constants, J, are reported in Hertz. All assignments are 
corroborated by 2D experiments (COSY, HETCOR). Elemental analyses were performed by the 
University of Illinois Microanalytical Service Laboratory.  Mass Spectrometry was performed by 
the University of Illinois Mass Spectrometer Center.  Electron Impact (EI) spectra were 
performed on a Finnegan- MAT C5 spectrometer. Data are reported in the form of m/z (intensity 
relative to the base peak = 100). Infrared spectra (IR) were recorded on a Perkin Elmer Spectrum 
BX spectrophotometer in NaCl cells (film) or as a KBr plate. Peaks are reported in cm-1 with 
indicated relative intensities: s (strong, 67-100%); m (medium, 34-66%), w (weak, 0-33%). 
Kugelrohr distillations were performed on a Büchi GKR-50 Kugelrohr and boiling points 
correspond to uncorrected air bath temperatures (ABT). Melting points were obtained in a 
vacuum sealed capillary tube using a Thomas Hoover melting point apparatus and are corrected.  
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Analytical thin-layer chromatography was performed on Merck silica gel plates with QF-254 
indicator.  Visualization was accomplished with UV(254). Column chromatography was 
performed using 230-400 mesh silica gel purchased from Silicycle.   
2-Bromoanisole, benzofuran, 4-bromotoluene, 2-bromotoluene, 3-chlorobenzene, 4-
chlorotoluene, 2-chlorotoluene, 4-bromo-tert-butylbenzene, 3-bromopyridine, 4-
chlorobenzotrifluoride, 3-chloropyridine, and 2,6-dimethylchlorobenzene were purchased from 
Aldrich and distilled prior to use.  4-Bromonitrobenzene, 4-bromobenzonitrile and 4-
chlorobenzonitrile were purchased from Aldrich and recrystallized from EtOH prior to use.  4-
Bromophenol (Aldrich) was purified by sublimation at 55 °C (0.1 mmHg) prior to use.  NaH and 
KH (Aldrich, 30% in mineral oil) was washed repeatedly with hexanes and dried in vacuo prior 
to use.  n-Butyllithium (Aldrich, 1.6 M in hexane) and tert-butyllithium (Aldrich, 1.7 M in 
pentane) were titrated prior to use by the method of Gilman.234 Hexamethylcyclotrisiloxane (D3) 
(Gelest), 2-(dimethylamino)ethanethiol hydrochloride (Aldrich), 4-iodoanisole (Aldrich), 3-
bromoanisole (Aldrich), 4-bromochlorobenzene (Aldrich), t-Bu3P (Strem), t-Bu3P·HBF4 
(Aldrich),  and (t-Bu3P)2Pd (Aldrich)
235 were used as received. 
 
 
4.1.2 Literature Preparations 
[{Pd(µ-TFA)-(κ2-N,C-C6H4CH2NMe2)}2],
49 
[{Pd(µ-Cl){κ2-P,C-P(OC6H2-2,4-t-Bu2)(OC6H3-2,4-t-Bu2)2}}2],
50   
dicyclohexylchlorophosphine,236 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl,46  
1,3-diisopropoxybenzene,237  2-dicyclohexylphosphino-2’,6’-diisopropoxybiphenyl, 46   
(4-Methoxyphenyl)dimethylsilanol, 238potassium (4-methoxyphenyl)dimethyl silanolate,44 (3-
methoxyphenyl)dimethylsilanol, 2394-trifluoromethylphenyl)dimethylsilanol, 
240allylpalladium(II)chloride dimer,241 tert-butyl 4-bromobenzoate,242 Pd(dba)2,
243 3-
bromobenzyltriethylsilyl ether44 and were prepared by literature methods. 
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4.1.3 General Procedure I: Preparation of Aryldimethylsilanols via Halogen-Lithium 
Exchange 
 
(4-(tert-Butyldimethylsilyloxy)phenyl)dimethylsilanol (3c) (Table 5, entry 3) [TC-4-24] 
 
 To a flame-dried, 250 mL, 3-necked round-bottomed flask equipped with an addition 
funnel, a septum, an argon inlet, a thermocouple and a magnetic stir-bar was charged with (4-
bromophenoxy)(tert-butyl)dimethylsilane (8.16 g, 28 mmol, 1 equiv) and diethyl ether (56 mL). 
The ether solution was cooled to -78 oC and t-butyllithium (36 mL, 57 mmol, 1.55 M, 2 equiv) 
was added dropwise from the additional funnel keeping the internal temperature < −58 oC. The 
mixture was stirred for 1 h at -78 oC  followed by the addition of a solution of 
hexamethylcyclotrisiloxane (2.10 g, 9.4 mmol, 0.33 equiv) in Et2O (18 mL) via a cannular. 
Additional stirring for 14 h at rt, the almost colorless reaction mixture was quenched with water 
(60 mL). The aqueous layer was extracted with Et2O (3 × 60 mL). The combined organic layer 
was washed with sat. brine solution (80 mL) and dried over anhydrous Na2SO4. The drying agent 
was filtered off and the filtrate was concentrated under reduced pressure to give a light yellow 
oil. The crude product was purified by a short path distillation (0.025 mmHg, 114 oC) to afford 
8.09 g (93%) of 3c as a colorless viscous oil, which became a white solid in the freezer (-27 oC) .  
 
Data for 3c: 
 mp: 44-45 °C 
 1H NMR:      (500 MHz, CDCl3) 
7.46 (d, 2 H, J = 8.5 Hz, HC(2)), 6.86 (d, 2 H, J = 8.5 Hz, HC(3)), 1.72 (s, 1 H, 
OH), 0.98 (s, 9 H, HC(7)), 0.39 (s, 6 H, HC(1’)), 0.21 (s, 6 H, HC(5)) 
13C NMR:  (126 MHz, CDCl3) 
157.1 C(4), 134.6 C(2), 130.8 C(1), 119.7 C(3), 25.7 C(7), 18.2 C(6), 0.0 C(1’), -
4.4 C(5) 
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 IR: (nujol) 
 3245 (m), 1593 (s), 1501 (s), 1255 (s), 1175 (m), 1116 (s), 914 (s), 874 (s), 841 
(s), 804 (s), 782 (s), 677 (m), 657 (m) 
 MS: (EI, 70eV) 
  282 (M+, 32), 267 (23), 225 (100), 209 (37), 195 (7), 167 (5), 149 (5), 133 (30), 
105 (17), 91 (10), 75 (45), 57 (8) 
 TLC: Rf  0.29 (hexanes/Et2O, 3/1) [silica gel, CAM] 
 Analysis: C14H26O2Si2 (282.53) 
 Calcd: C, 59.52;  H, 9.28    
 Found: C, 59.41; H, 9.60 
 
 
(4-Chlorophenyl)dimethylsilanol (3d) (Table 5, entry 4)
244
 [TC-4-31] 
 
Following general procedure I, in a flame dried, 250 mL, round-bottomed flask under 
argon was charged 4-bromochlorobenzene (5.74 g, 30 mmol, 1.0 equiv) and Et2O (60 mL) stirred 
resulting in a clear, colorless solution. The reaction mixture was cooled to -78 °C and t-BuLi 
(39.5 mL, 60 mmol, 2.0 equiv, 1.47 M) was added dropwise ensuring the internal reaction 
temperature does not rise above -60 °C.  The reaction mixture stirred at -74 °C for 1 h.  A 
solution of D3 (1.49 g, 6.6 mmol, 0.33 equiv) in Et2O (20 mL) was added via a cannula dropwise. 
The resulting solution was stirred for 5 min and the cooling bath was removed then stirred 
overnight. The reaction mixture was subjected to an aqueous work-up and purified by distillation 
(80 °C at 0.1 mmHg) affording 4.86 g (87%) of 3d as a clear, colorless oil. The spectroscopic 
data matched those from the literature and was free of any major impurities. 
 
Data for 3d: 
 bp: 80 °C (0.1 mmHg) 
 1H NMR:      (500 MHz, CDCl3) 
7.52 (d, 2 H, J = 8.0 Hz), 7.36 (d, 2 H, J = 8.0 Hz), 1.78 (s, 1 H), 0.40 (s, 6 H) 
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13C NMR:  (126 MHz, CDCl3) 
  137.3, 135.9, 134.4, 128.1, 0.0 
 IR: (neat) 
 3269 (s), 1907 (m), 1579 (s), 1554 (m), 1484 (s), 1381 (s), 1301 (m), 1256 (s), 
1183 (m), 1116 (s), 1085 (s), 1016 (s), 868 (s), 829 (s), 782 (s), 740 (s), 659 (s) 
 MS: (EI, 70eV) 
  188 (M+, 6), 186 (13), 173 (40), 171 (100), 91(10), 75 (6) 
 TLC: Rf  0.33 (hexanes/EtOAc, 6/1) [silica gel, UV, KMnO4] 
 
 
4.1.4 General Procedure II: Preparation of Aryldimethylsilanols via Catalytic, Oxidative 
Hydrolysis 
 
Preparation of 2-Benzofuranyl(dimethyl)silane (9a) (Scheme 10) [TC-4-91] 
  
To a flame-dried, 3-necked, 250 mL round-bottomed flask equipped with two septa, a gas 
adapter and a magnetic stir-bar, was charged benzofuran (10.0 g, 84.7 mmol, 1 equiv) and THF 
(75 mL) via syringe. The solution was cooled to −72 °C in a dry ice/acetone bath. To this 
mixture was added n-butyllithium (60.8 mL, 1.48 M, 90 mmol, 1.06 equiv) via syringe in six 
portions (internal temperature never higher than −40 °C). The suspension was stir at −70 °C for 1 
h before warming to −32 °C where the solution was quickly transferred via cannula to the 
dimethylchlorosilane solution prepared below. 
The dimethylchlorosilane solution was prepared by adding dimethylchlorosilane (12.4 
mL, 127 mmol, 1.3 equiv) to THF (20 mL) in a flame-dried, 250-mL three-necked round-
bottomed flask containing a stir-bar. This solution was cooled to 0 °C in an ice bath before the 
benzofuran-2-yl lithium solution prepared above was added via cannula. After stirring at rt for 12 
h, the yellow solution was concentrated in vacuo and triturated with pentane (120 mL), filtered 
and then concentrated in vacuo. The brown oil was immediate subjected to short-path distillation 
to afford 10.0 g (67%) of 9a. 
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Data for 9a: 
 bp: 70 °C (0.4 mmHg) 
 1H NMR:      (500 MHz, CDCl3) 
7.58 (d, 1 H, J = 7.5 Hz, HC(4)), 7.51 (dd, 1 H, J1 = 8.5 Hz, J2 = 0.5 Hz, HC(7)), 
7.29 (ddd, 1 H, J1 = 8.5 Hz, J2 = 7.5 Hz, J3 = 1.0 Hz, HC(6)), 7.21 (ddd, 1 H, J1 = 
J2 = 7.5 Hz, J3 = 1.0 Hz, HC(5)), 7.04 (s, 1 H, HC(3)), 4.52 (sept, 1 H, J = 4.0 Hz, 
HC(11)), 0.43 (d, 6 H, J = 4.0 Hz, HC(10))  
13C NMR:  (126 MHz, CDCl3) 
160.3 C(2), 158.2 C(8), 127.8 C(9), 124.6 C(6), 122.4 C(5), 121.0 C(4), 117.4 
C(3), 111.3 C(7), -4.8 C(10) 
 IR: (neat) 
 3065 (m), 2962 (m), 2903 (m), 2136 (s), 1894 (w), 1780 (w), 1611 (w), 1592 (w), 
1528 (w), 1471 (s), 1443 (s), 1343 (m), 1297 (s), 1253 (s), 1221 (s), 1160 (s), 
1144 (m), 1111 (s), 1068 (s), 1009 (m), 922 (s), 872 (s), 839 (s), 814 (s), 789 (s), 
770 (s), 752 (s), 740 (s), 661 (m), 631 (m), 612 (m) 
 MS: (EI, 70eV) 
  176 (M+, 37), 161 (100), 145 (5), 135 (19), 115 (5), 101 (5), 91 (4), 75 (4), 63 (4), 
58 (5) 
 HRMS: (EI, 70eV) 
 Calcd for C10H12OSi: 176.0658   
 Found: 176.0660  
 
Preparation of mesityldimethylsilane (9b) (Scheme 10) [TC-4-16] 
 
To a flame-dried, 3-necked, 100 mL round-bottomed flask equipped with two septa, a gas 
adapter and a magnetic stir-bar, was charged 2-bromomesitylene (0.90 mL, 6.0 mmol, 1 equiv) 
and Et2O (12 mL) via syringe. The solution was cooled to −78 °C in a dry ice/isopropanol bath. 
To this mixture was added t-butyllithium (7.7 mL, 1.55 M, 12 mmol, 2.0 equiv) via syringe 
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(internal temperature never higher than −56 °C). The suspension was stir at −78 °C for 1 h before 
warming to −55 °C where the solution was quickly transferred via cannula to the 
dimethylchlorosilane solution prepared below. 
The dimethylchlorosilane solution was prepared by adding dimethylchlorosilane (0.85 
mL, 9.0 mmol, 1.5 equiv) to Et2O (9 mL) in a flame-dried, 100-mL three-necked round-
bottomed flask containing a stir-bar. This solution was cooled to 0 °C in an ice bath before the 
mesityl-2-yl lithium solution prepared above was added via cannula. After stirring at rt for 11 h, 
the colorless solution was filtered and then concentrated in vacuo. The colorless oil was 
immediate subjected to short-path distillation to afford 787 mg (74%, yield taken 6% 
unconsumed 2-bromomesitylene into account) of 9b.  
 
Data for 9b: 
 bp: 65 °C (ABT, 0.4 mmHg) 
 1H NMR:      (400 MHz, CDCl3) 
6.83 (s, 2 H, HC(3)), 4.71 (sept, 1 H, HC(2’)), 2.43 (s, 6 H, HC(5)), 2.26 (s, 3 H, 
HC(6)), 0.38 (d, 6 H, J = 4.0 Hz, HC(1’))  
 
Preparation of 2-Benzofuryl(dimethyl)silanol (3e) (Scheme 10)
62
 [TC-4-68] 
 
 To a 100 mL, 1-necked, round-bottomed flask containing a stir-bar was added 2-
benzofuranyldimethylsilane, 9a (1.5 g, 8.3 mmol, 1 equiv) and acetonitrile (25 mL). To this 
solution was added dichloro(p-cymene)ruthenium (II) dimer (60 mg, 0.08 mmol, 0.01 equiv) to 
give a red solution. H2O (300 µL, 17 mmol, 2 equiv) was added in two portions over 30 sec. 
After stirring at rt for 0.5 h and no more bubbling was observed, the solution was poured onto 
H2O (80 mL) and extracted with pentane (4 × 80 mL). The combined organic layers were dried 
over Na2SO4 and concentrated in vacuo to afford 1.57 g (98%) of 3e as a white solid which is 
pure enough for the preparation of sodium 2-benzofuranyl(dimethyl)silanolate Na+3e−. An 
analytical pure sample can be obtained by recrystallization from pentane. The spectroscopic data 
matched those from the literature and was free of any major impurities. 
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Data for 3e: 
 mp: 49-50 °C 
 1H NMR:      (500 MHz, CDCl3) 
7.60 (d, J = 7.5 Hz, 1 H, HC(4)), 7.52 (dd, 1 H, J1 = 8.2 Hz, J2 = 0.5 Hz, HC(7)), 
7.31 (ddd, 1 H, J1 = 8.2 Hz, J2 = 7.4 Hz, J3 = 1.0 Hz, HC(6)), 7.22 (ddd, 1 H, J1 = 
7.5 Hz, J2 = 7.4 Hz, J3 = 0.5 Hz, HC(5)), 7.08 (d, 1 H, J = 1.0 Hz, HC(3)), 2.05 (s, 
1 H, OH), 0.50 (s, 6 H, HC(10)) 
13C NMR:  (126 MHz, CDCl3) 
161.3 C(2), 157.9 (8), 127.6 (9), 124.9 (6), 122.5 (5), 121.3 (4), 116.8 (3), 111.4 
(7), -0.45 (10) 
 IR: (nujol) 
 3147 (s), 1527 (m), 1441 (m), 1344 (m), 1295 (m), 1254 (m), 1223 (m), 1163 (w), 
1111 (m), 1070 (m), 1004 (w), 920 (s), 881 (s), 874 (s), 817 (m) 
 MS: (EI, 70eV) 
  192 (M+, 47), 177 (100), 159 (31), 135 (11), 118 (8), 115 (9), 89 (7), 75 (7), 63 
(4) 
 TLC: Rf  0.34 (hexanes/EtOAc,6/1) [silica gel, UV] 
 Analysis: C10H12O2Si (192.29) 
 Calcd: C, 62.46;  H, 6.29    
 Found: C, 62.44; H, 6.31 
 
Preparation of mesityldimethylsilanol (3f) (Scheme 10) [TC-4-17] 
 
 To a 100 mL, 1-necked, round-bottomed flask containing a stir-bar was added 2-
mesityldimethylsilane, 9b (787 mg, 4.4 mmol, 1 equiv) and acetonitrile (13.2 mL). To this 
solution was added dichloro(p-cymene)ruthenium (II) dimer (27 mg, 0.04 mmol, 0.01 equiv) to 
give a red solution. H2O (0.16 mL, 8.8 mmol, 2 equiv) was added in one portions. After stirring 
at rt for 0.5 h two more portions of the Ru(II) catalyst was added every 0.5 h (2 × 13.5 mg, 0.04 
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mmol, 0.01 equiv) and then one more portion of H2O (0.16 mL, 8.8 mol, 2 equiv) was added. 
After another 0.5 h of stirring, the solution was poured onto H2O (20 mL) and extracted with 
pentane (5 × 20 mL). The combined organic layers were dried over Na2SO4 and concentrated in 
vacuo to afford 643 mg (75%) of 3f as a colorless oil. The crude product was directly subjected 
to the preparation of potassium mesityldimethylsilanolate K+3f−. 
 
Data for 3f: 
1H NMR:      (500 MHz, CDCl3) 
6.83 (s, 2 H, HC(3)), 2.47 (s, 6 H, HC(5)), 2.26 (s, 3 H, HC(6)), 1.74 (s, 1 H, HO), 
0.48 (s, 6 H, HC(1’)) 
 
 
4.1.5 General Procedure III: Preparation of Alkali Metal Aryl Silanolates Using Metal 
Hyrides 
 
Potassium (3-methoxyphenyl)dimethylsilanolate (K+3b−) (Table 6, entry 2) [TC-3-12] 
 
 In a dry box, (3-methoxyphenyl)dimethylsilanol 3b (0.54 g, 3.0 mmol, 1.0 equiv) was 
added dropwise over 5 min to a suspension of KH (145 mg, 3.6 mmol, 1.2 equiv) in Et2O (6 mL) 
in an oven-dried, 100-mL, 1-necked round-bottomed flask equipped with a stir-bar. The resulting 
mixture was stirred for 15 min further, and then was filtered through a medium-porosity fritted 
funnel into a preweighed one-neck flask fitted with a vacuum stopcock adaptor. The flask was 
removed from the dry box and the solvent evaporated in vacuo to give 0.64 g (98 %) of K+3b−as 
a viscous and pale yellow oil. 
 
Data for K+3b−: 
 1H NMR:      (500 MHz, C6D6) 
7.38 (dd, 1 H, J1 = 8.0 Hz, J2 = 7.3 Hz, HC(5)), 7.34 (d, 1 H, J = 2.5 Hz, HC(2)), 
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7.21 (d, 1 H, J = 7.3 Hz, HC(6)), 6.81 (dd, 1 H, J1 = 8.0 Hz, J2 = 2.5 Hz, HC(4)), 
3.48 (s, 3 H, HC(8)), 0.31(s, 6 H, HC(7)) 
13C NMR:  (126 MHz, C6D6) 
160.3 C(3), 151.2 C(1), 129.7 C(5), 125.7 C(2), 119.9 C(6), 113.0 (4), 55.0 (1’’), 
 4.4 (1’) 
 
Potassium (4-(tert-butyldimethylsilyloxy)phenyl)dimethylsilanolate (K+3c−) (Table 6, entry 
3) [TC-4-35] 
 
 In a dry box, a solution of (4-(tert-butyldimethylsilyloxy)phenyl)dimethylsilanol 3 (5.68 
g, 20.1 mmol, 1.0 equiv) in benzene (10 mL) was added dropwise over 10 min to a suspension of 
KH (970 mg, 24.1 mmol, 1.2 equiv) in benzene (20 mL) in an oven-dried, 250-mL, 1-necked 
round-bottomed flask equipped with a stir-bar. The resulting mixture was stirred for 45 min 
further, and then was filtered through a medium-porosity fritted funnel into a one-neck flask 
fitted with a vacuum stopcock adaptor. The solvent was evaporated in vacuo to give an off-white 
solid. The residue was vigorous stirred in hexanes (10 mL) for 10 min before filtered through a 
medium-porosity fritted funnel. The collected solids were further washed with dry hexanes (2 × 
10 mL). The solids were placed in an oven-dried, 15-mL recovery flask equipped with a vacuum 
stopcock adaptor and any excess volatiles were removed in vacuo to give 6.08 g (94 %) of K+3c− 
as a white powder. 
 
Data for K+3c−: 
 1H NMR:      (500 MHz, C6D6) 
7.54 (d, 2 H, J = 7.2 Hz, HC(2)), 7.20 (d, 2 H, J = 7.2 Hz, HC(3)), 1.06 (s, 9 H, 
HC(7)), 0.32 (s, 6 H, HC(1’)), 0.26 (s, 6 H, HC(5)) 
13C NMR:  (126 MHz, C6D6) 
156.6 C(4), 141.3 C(1), 135.0 C(2), 120.4 C(3), 26.3 C(7), 18.8 C(6), 4.9 C(1’), -
3.8 C(5) 
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Potassium (4-chlorophenyl)dimethylsilanolate (K+3d−) (Table 6, entry 4) [TC-4-6] 
 
 In a dry box, (4-chlorophenyl)dimethylsilanol 10 (4.31 g, 23.1 mmol, 1.2 equiv) was 
added dropwise over 10 min to a suspension of KH (1.11 g, 27.7 mmol, 1.2 equiv) in THF (46 
mL) in an oven-dried, 250-mL, 1-necked round-bottomed flask equipped with a stir-bar. The 
resulting mixture was stirred for 45 min further, and then was filtered through a medium-porosity 
fritted funnel into a one-neck flask, containing a stir-bar, fitted with a vacuum stopcock adaptor. 
The flask was removed from the dry box and the solvent evaporated in vacuo to give a semi-
solid, and hexanes (4 × 4 mL) was added and evaporated in vacuo sequentially to give an off-
white solid. The residue was transferred back into the dry box and vigorous stirred in hexanes 
(10 mL) for 10 min before filtered through a medium-porosity fritted funnel. The collected solids 
were further washed with dry hexanes (3 × 10 mL). The solids were placed in an oven-dried, 15-
mL recovery flask equipped with a vacuum stopcock adaptor and any excess volatiles were 
removed in vacuo to give 4.93 g (95 %) of K+3d− as a white powder. 
 
Data for K+3d−: 
 1H NMR:      (500 MHz, d8-THF) 
7.50 (d, 2 H, J = 8.2 Hz, HC(2)), 7.24 (d, 2 H, J = 8.2 Hz, HC(3)), 0.08 (s, 6 H, 
HC(5)) 
13C NMR:  (126 MHz, d8-THF) 
149.0 C(1), 135.4 C(2), 134.1 C(4), 128.3 C(3), 4.1 C(5) 
 
Sodium 2-benzofuranyl(dimethyl)silanolate (Na+3e−) (Table 6, entry 5) [TC-4-93] 
 
 In a drybox, an oven-dried, 100 mL, Schlenk flask equipped with a magnetic stir-bar was 
charged NaHMDS (2.02 g, 11 mmol, 1.0 equiv) as a white solid.  THF (20 mL) was added 
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resulting in a faint yellow solution.  A solution of 3e (2.12 g, 11 mmol, 1.0 equiv) in THF (4 mL) 
was added dropwise to the flask.  The resulting solution was stirred at rt for 40 min.  The 
volatiles were removed in vacuo (0.1 mmHg) to give an off-white solid.  The solids were 
triturated with hexanes (2 × 10 mL) and filtered through an oven-dried medium-porosity fritted 
funnel in a drybox.  The solids were dried on high vacuum (0.1 mmHg) for 18 h to afford 2.05 g 
(87%) of Na+3e− as a white powder. 
 
Data for Na+3e−: 
 1H NMR:      (500 MHz, d8-THF) 
7.44 (d, 1 H, J = 7.0 Hz, HC(4)), 7.36 (d, 1 H, J = 7.5 Hz, HC(7)), 7.11 (ddd, 1 H, 
J1 = J2 = 7.5 Hz, J3 = 1.5 Hz, HC(6)), 7.07 (ddd, 1 H, J1 = J2 = 7.5 Hz, J3 = 1.0 
Hz, HC(5)), 6.92 (d, 1 H, J = 0.5 Hz, HC(3)), 0.24 (s, 6 H, HC(10))  
13C NMR:  (126 MHz, d8-THF) 
171.7 C(2), 158.8 C(8), 129.9 C(9), 124.2 C(6), 122.7 C(5), 121.4 C(4), 114.3 
C(3), 111.9 C(7), 4.3 C(10) 
 
Potassium mesityldimethylsilanol (K+3f−) (Table 6, entry 6) [TC-4-18] 
 
 In a dry box, mesityldimethylsilanol 3f (643 mg, 3.3 mmol, 1 equiv) in THF (3.3 mL) 
was added dropwise over 10 min to a suspension of KH (160 mg, 4.0 mmol, 1.2 equiv) in THF 
(3.3 mL) in an oven-dried, 250-mL, 1-necked round-bottomed flask equipped with a stir-bar. The 
resulting mixture was stirred for 45 min further, and then was filtered through a medium-porosity 
fritted funnel into a one-neck flask, containing a stir-bar, fitted with a vacuum stopcock adaptor. 
The solvent was evaporated in vacuo to give a semi-solid. Hexanes (2 × 3 mL) was added and 
evaporated in vacuo sequentially to give an off-white solid. The residue was transferred to a 
medium-porosity fritted funnel and the solids were washed with dry hexanes (2 × 1.5 mL). The 
white solid were placed in an oven-dried, 15-mL recovery flask equipped with a vacuum 
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stopcock adaptor and any excess volatiles were removed in vacuo to give 338 mg (44 %) of 
K+3f− as a white powder. 
 
Data for Na+3f−: 
 1H NMR:      (500 MHz, C6D6) 
 6.78 (s, 2 H, HC(3)), 2.51 (s, 6 H, HC(5)), 2.18 (s, 3 H, HC(6)), 0.33 (s, 6 H, 
HC(1’)) 
 
 
General Procedure IV: Cross-Coupling of Potassium Aryl(dimethyl)silanolates with Aryl 
Halides (Table 7-8) 
 In a oven-dried 5 mL round-bottomed flask equipped with a magnetic stir-bar, reflux 
condenser, and three-way argon adapter was charged (t-Bu3P)2Pd (2.5-5.0 mol%) as a colorless 
solid in a drybox.  The flask was sealed away from the atmosphere and removed to a hood.  Dry 
solvent (1 mL) was added via syringe through the three-way adapter resulting in a light orange 
solution upon stirring.  Aryl halide (1.0 mmol, 1.0 equiv) and aryldimethylsilanolate (1.5 mmol, 
1.5 equiv) were added sequentially by removal of the adapter, adding the reagents as liquid and 
solid respectively and replacing the adapter as quickly as possible.  Additional solvent (1 mL) 
was added through the argon adaptor. The flask was then placed into a preheated 90 °C or 60 °C 
oil bath and stirred at this temperature under a static flow of argon. Reaction progress was 
monitored by GC analysis at certain time intervals. Sampling of the reaction was performed by 
removing 25 µL aliquots of the mixture by syringe and quenching the aliquots at regular 
intervals. The quench was performed as follows: the withdrawn aliquot of the reaction mixture 
was injected into 100 µL of a 10% aqueous solution of 2-dimethylaminoethanethiol 
hydrochloride. This yellow solution was diluted with 1.5 mL of ethyl acetate and the organics 
filtered through a 0.5 × 1.0 cm plug of silica gel.  Aliquots of the reaction were monitored by GC 
until complete consumption of the aryl bromide was observed.  The reaction was cooled to room 
temperature and poured onto water 15 mL.  The aq. layer was extracted with ethyl acetate (3 × 
20 mL) and the organics washed with brine (15 mL) and dried (Na2SO4).  The volatiles were 
removed in vacuo (30 °C at 20 mmHg) to afford the crude product. Column chromatography 
(SiO2 or C-18 reverse phase) followed by recrystallization (EtOH) to yield the desired product. 
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4-Methoxy-4'-methylbiphenyl (5aa) (Table 7, entry 1)
245
 [TC-5-23] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.5 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), 4-chlorotoluene (118 µL, 1.0 mmol, 1.0 equiv) and K+3a− (331 mg, 1.5 mmol, 1.5 equiv) 
were combined and heated to 90 °C. After 7 h, the mixture was cooled to rt and subjected to an 
aqueous work-up. Purification by column chromatography (SiO2, 25 g, 20 mm diameter, 
hexane/CH2Cl2, 8/1) afforded 160 mg (81%) of 5aa as a white solid. The spectroscopic data 
matched those from the literature and was free of any major impurities. 
 
Data for 5aa: 
 1H NMR:      (500 MHz, CDCl3) 
7.51 (d, 2 H, J = 9.0 Hz), 7.45 (d, 2 H, J = 8.0 Hz), 7.23 (d, 2 H, J = 8.0 Hz), 6.97 
(d, 2 H, J = 9.0 Hz), 3.85 (s, 3 H), 2.39 (s, 3 H) 
13C NMR:  (126 MHz, CDCl3) 
158.9, 138.0, 136.3, 133.7, 129.4, 127.9, 126.6, 114.1, 55.3, 21.0 
 MS: (EI, 70eV) 
  198 (M+, 100), 183 (44), 155 (22), 128 (6), 115 (4), 99 (4), 77 (2), 63 (2) 
 TLC: Rf  0.36 (hexanes/CH2Cl2, 1/1) [silica gel, UV] 
 
4'-Methoxy-2-methylbiphenyl (5ab) (Table 7, entry 2)
246
 [TC-5-26] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.6 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), 2-chlorotoluene (115 µL, 1.0 mmol, 1.0 equiv) and K+3a− (331 mg, 1.5 mmol, 1.5 equiv) 
were combined and heated to 90 °C. After 7 h, the mixture was cooled to rt and subjected to an 
aqueous work-up. Purification by column chromatography (SiO2, 26 g, 20 mm diameter, 
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hexane/CH2Cl2, 3/1) afforded 164 mg (84%) of 5ab as a colorless oil. The spectroscopic data 
matched those from the literature and was free of any major impurities. 
 
Data for 5ab: 
 1H NMR:      (500 MHz, CDCl3) 
7.29-7.22 (m, 6 H), 6.97 (d, 2 H, J = 8.5 Hz), 3.87 (s, 3 H), 2.29 (s, 3 H) 
13C NMR:  (126 MHz, CDCl3) 
158.5, 141.5, 135.4, 134.3, 130.3, 130.2, 129.9, 126.9, 125.7, 113.4, 55.2, 20.5 
 MS: (EI, 70eV) 
  198 (M+, 100), 183 (21), 165 (14), 155 (21), 139 (4), 128 (10), 115 (8), 83 (5), 77 
(5), 55 (5) 
 TLC: Rf  0.40 (hexanes/CH2Cl2, 3/1) [silica gel, UV] 
 
 
4’-tert-Butyl-3-methoxybiphenyl (5bc) (Table 7, entry 3) [TC-3-15] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.6 mg, 0.05 mmol, 0.5 mol%), toluene 
(0.86 mL), 1-bromo-4-tert-butylbenzene (170 µL, 1.0 mmol, 1.0 equiv) and a solution of K+3b− 
in toluene (1.15 mL, 1.32 M, 1.5 mmol, 1.5 equiv) were combined and heated to 90 °C. After 3.5 
h, the mixture was cooled to rt and subjected to an aqueous work-up. Purification by column 
chromatography (SiO2, 23 g, 20 mm diameter, hexanes/CH2Cl2, 4/1) afforded 196 mg (82%) of 
5bc as a colorless oil. 
 
Data for 5bc: 
 1H NMR:      (500 MHz, CDCl3) 
7.54 (d, 2 H, J = 8.5 Hz, HC(2’)), 7.47 (d, 2 H, J = 8.5 Hz, HC(3’)), 7.35 (t, 1 H, J 
= 7.9 Hz, HC(2)), 7.19 (ddd, 1 H, J1 = 7.9 Hz, J2 = 2.4 Hz, J3 = 1.3 Hz, HC(6)), 
7.13 (dd, 1 H, J = 2.4 Hz, HC(1)), 6.89 (ddd, 1 H, J1 = 7.9 Hz, J2 = 2.4 Hz, J3 = 
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1.3 Hz, HC(4)), 3.87 (s, 3 H, HC(1’’)), 1.37 (s, 9 H, HC(6’)) 
13C NMR:  (126 MHz, CDCl3) 
159.9 C(3), 150.4 C(4’), 142.6 (1), 138.2 (1’), 129.7 (5), 126.8 (2’), 125.7 (3’), 
119.6 C(6), 112.7 C(2), 112.4 C(4), 55.3 C(1’’), 34.5 C(5’), 31.4 C(6’) 
 IR: (neat) 
 3053 (m), 3029 (s), 2960 (s), 2903 (s), 2866 (s), 2834 (s), 2047 (w), 1911 (w), 
1653 (w), 1600 (w), 1559 (s), 1521 (s), 1481 (s), 1435 (s), 1399 (s), 1362 (s), 
1320 (s), 1295 (s), 1269 (s), 1212 (s), 1178 (s), 1113 (s), 1086 (m), 1054 (s), 1033 
(s), 1013 (s), 995 (m), 965 (w), 923 (w), 870 (s), 858 (s), 831 (s), 777 (s), 744 (s), 
737 (s), 696 (s), 616 (s) 
 MS: (EI, 70eV) 
  240 (M+, 41), 225 (100), 197 (8), 184 (2), 178 (3), 165 (5), 154 (4), 152 (4), 139 
(3), 113 (5), 99 (2), 76 (2) 
 TLC: Rf  0.34 (hexanes/CH2Cl2, 4/1) [silica gel, UV] 
 Analysis: C17H20O (240.34) 
 Calcd: C, 84.96;  H, 8.39    
 Found: C, 85.10; H, 8.57 
 
3’-Methoxy-2-methylbiphenyl (5bb) (Table 7, entry 4)
247
 [TC-3-16] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.6 mg, 0.05 mmol, 5.0 mol%), toluene 
(0.67 mL), 2-bromotoluene (120 µL, 1.0 mmol, 1.0 equiv) and a solution of K+3b− in toluene 
(1.35 mL, 1.12 M, 1.5 mmol, 1.5 equiv) were combined and heated to 90 °C. After 3 h, the 
mixture was cooled to rt and subjected to an aqueous work-up. Purification by column 
chromatography (SiO2, 30 g, 20 mm diameter, hexanes/CH2Cl2, 4/1) afforded 154 mg (78%) of 
5bb as a colorless oil. The spectroscopic data matched those from the literature and was free of 
any major impurities. 
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Data for 5bb: 
 1H NMR:      (500 MHz, CDCl3) 
7.33 (t, 1 H, J = 8.0 Hz), 7.28-7.23 (m, 4 H), 6.93-6.86 (m, 3 H), 3.84 (s, 3 H), 
2.29 (s, 3 H). 
13C NMR:  (126 MHz, CDCl3) 
159.3, 143.4, 141.8, 135.3, 130.3, 129.6, 129.0, 127.3, 125.7, 121.7, 114.8, 112.3, 
55.2, 20.4 
 MS: (EI, 70eV) 
  199 (M+, 16), 198 (100), 197 (28), 183 (14), 167 (45), 165 (24), 155 (18), 154 (7), 
153 (15), 152 (15), 128 (10), 115 (9), 99 (3), 91 (2), 77 (4), 63 (5), 55 (4) 
 TLC: Rf  0.37 (hexanes/CH2Cl2, 4/1) [silica gel, UV] 
 
4’-Chloro-3-methoxylbiphenyl (5bd) (Table 7, entry 5)
248
 [TC-3-34] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (12.8 mg, 0.025 mmol, 2.5 mol%), toluene 
(0.65 mL), 1-bromo-4-chlorobenzene (191 mg, 1.0 mmol, 1.0 equiv) and a solution of K+3b− in 
toluene (1.35 mL, 1.10 M, 1.5 mmol, 1.5 equiv) were combined and heated to 90 °C. After 5.5 h, 
the mixture was cooled to rt and subjected to an aqueous work-up. Purification by column 
chromatography (SiO2, 22 g, 20 mm diameter, hexanes/CH2Cl2, 4/1) afforded 174 mg (80%) of 
5bd as a colorless oil. The spectroscopic data matched those from the literature and was free of 
any major impurities. 
Data for 5bd: 
 1H NMR:      (500 MHz, CDCl3) 
7.52 (d, 2 H, J = 8.3 Hz), 7.41 (d, 2 H, J = 8.3 Hz), 7.36 (t, 1 H, J = 7.8 Hz), 7.14 
(ddd, 1 H, J1 = 7.8 Hz, J2 = 2.0 Hz, J3 = 1.0 Hz), 7.08 (t, 1 H, J = 2.0 Hz), 6.91 
(dd, 1 H, J1 = 7.8 Hz, J2 = 2.0 Hz), 3.87 (s, 3 H) 
13C NMR:  (126 MHz, CDCl3) 
160.0, 141.5, 139.5, 133.5, 129.9, 128.9, 128.4, 119.5, 112.9, 112.8, 52.3 
 MS: (EI, 70eV) 
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  220 (M+, 34), 218 (100), 190 (5), 188 (13), 177 (7), 175 (22), 153 (12), 152 (12), 
149 (9), 139 (23), 125 (3), 109 (9), 87 (4), 76 (10), 63 (8) 
 TLC: Rf  0.37 (hexanes/CH2Cl2, 4/1) [silica gel, UV] 
 
tert-Butyl(4'-methoxybiphenyl-4-yloxy)dimethylsilane (5ce) (Table 7, entry 6) [TC-4-46] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.5 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), 4-bromoanisole (126 µL, 1.0 mmol, 1.0 equiv) and K+3c− (481 mg, 1.5 mmol, 1.5 equiv) 
were combined and heated to 90 °C. After 3.5 h, the mixture was cooled to rt and subjected to an 
aqueous work-up. Purification by column chromatography (SiO2, 31 g, 20 mm diameter, 
Petroleum ether/Toluene, 7/1) afforded 195 mg (62%) of 5ce as colorless plates. 
 
Data for 5ce: 
 mp: 96-97 °C 
 1H NMR:      (500 MHz, CDCl3) 
7.47 (d, 2 H, J = 8.5 Hz, HC(2’)), 7.41 (d, 2 H, J = 8.5 Hz, HC(2)), 6.95 (d, 2 H, J 
= 8.5 Hz, HC(3’)), 6.88 (d, 2 H, HC(3)), 3.84 (s, 3 H, HC(5’)), 1.00 (s, 9 H, 
HC(7)), 0.22 (s, 6 H, HC(5)) 
13C NMR:  (126 MHz, CDCl3) 
158.7 C(4’), 154.8 C(4), 134.0 C(1), 133.5 C(1’), 127.7 C(2’), 127.6 C(2), 120.3 
C(3), 114.1 C(3’), 55.3 C(5’), 25.7 C(7), 18.2 C(6), -4.4 C(5) 
 IR: (neat) 
 1602 (m), 1498 (s), 1248 (s), 1181 (m), 1169 (m), 1118 (m), 1040 (m), 1018 (w), 
915 (s), 838 (s), 822 (s), 780 (s), 731 (m), 677 (m) 
 MS: (EI, 70eV) 
  314 (M+, 69), 257 (100), 241 (10), 227 (10), 211 (5), 199 (5), 168 (3), 165 (2), 
140 (4), 129 (2), 107 (8), 89 (7), 75 (6), 73 (7), 59 (5) 
 TLC: Rf  0.16 (Petroleum ether/Toluene, 7/1) [silica gel, UV, CAM] 
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 Analysis: C19H26O2Si (314.49) 
 Calcd: C, 72.56;  H, 8.33    
 Found: C, 72.50; H, 8.69 
 
tert-Butyldimethyl(2'-methylbiphenyl-4-yloxy)silane (5cb) (Table 7, entry 7) [TC-4-47] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.6 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), 2-bromotoluene (120 µL, 1.0 mmol, 1.0 equiv) and K+3c− (481 mg, 1.5 mmol, 1.5 equiv) 
were combined and heated to 90 °C. After 3.5 h, the mixture was cooled to rt and subjected to an 
aqueous work-up. Purification by column chromatography (SiO2, 35 g, 20 mm diameter, 
hexanes/CH2Cl2, 39/1) followed by recrystallization (EtOH) afforded 100 mg (34%) of 5cb as 
small colorless needles. 
 
Data for 5cb: 
 mp: 51-52 °C (EtOH) 
 1H NMR:      (500 MHz, CDCl3) 
7.26-7.20 (m, 4 H, HC(3’-6’)), 7.18 (d, 2 H, J = 8.7 Hz, HC(2)), 6.87 (d, 2 H, J = 
8.7 Hz, HC(3)), 2.27 (s, 3 H, HC(7’)), 1.00 (s, 9 H, HC(7)), 0.24 (s, 6 H, HC(5)) 
13C NMR:  (126 MHz, CDCl3) 
154.5 C(4), 141.7 C(1’), 135.5 C(2’), 134.9 C(1), 130.2 C(3’), 130.2 C(2), 129.8 
C(6’ ,5’ or 4’), 126.9 C(6’ ,5’ or 4’), 125.7 C(6’ ,5’ or 4’), 119.5 C(3), 25.7 C(7), 
20.5 C(7’), 18.2 C(6), -4.4 C(5) 
 IR: (nujol) 
 1610 (m), 1516 (s), 1482 (m), 1254 (s), 1169 (s), 1098 (w), 1006 (w), 917 (s), 842 
(m), 812 (m), 801 (m), 780 (m), 760 (m), 730 (m), 682 (m) 
 MS: (EI, 70eV) 
  298 (M+, 33), 241 (100), 225 (11), 165 (12), 152 (5), 120 (4), 75 (6), 59 (4) 
 TLC: Rf  0.28 (hexanes/CH2Cl2, 39/1) [silica gel, UV, CAM] 
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 Analysis: C19H26OSi (298.49) 
 Calcd: C, 76.45;  H, 8.78    
 Found: C, 76.58; H, 9.11 
 
tert-Butyldimethyl(4'-(trifluoromethyl)biphenyl-4-yloxy)silane (5gf) (Table 7, entry 8) [TC-
5-36] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.6 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), (4-chlorophenoxy)(tert-butyl)dimethylsilane (243 mg, 1.0 mmol, 1.0 equiv) and K+3g− 
(388 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 90 °C. After 5 h, the mixture was 
cooled to rt and subjected to an aqueous work-up. Purification by column chromatography (SiO2, 
25 g, 20 mm diameter, hexane then C-18 reverse phase, 15 mm × 205 mm, CH3CN/H2O, 7/1) 
afforded 204 mg (58%) of 5gf as a colorless oil which became small needles at rt over time. 
 
Data for 5gf: 
 mp: 40-41 °C 
 1H NMR:      (500 MHz, CDCl3) 
7.65 (m, 4 H, HC(2’, 3’)), 7.48 (d, 2 H, J = 8.5 Hz, HC(2)), 6.93 (d, 2 H, J = 8.5 
Hz, HC(3)), 1.01 (s, 9 H, HC(7)), 0.24 (s, 6 H, HC(5))  
13C NMR:  (126 MHz, CDCl3) 
156.1 C(4), 144.4 C(1’), 132.7 C(1), 128.6 (q, J = 32.2 Hz, C(4’)), 128.3 (2), 
126.9 (2’), 125.6 (q, J = 3.6 Hz, C(3’)), 124.4 (q, J = 272.3 Hz, C(5’)), 100.6 C(3) 
25.7 C(7), 18.2 C(6), -4.4 C(5) 
19F NMR:  (470 MHz, CDCl3) 
-62.71 
 IR: (nujol) 
 1617 (w), 1607 (m), 1560 (w), 1502 (m), 1326 (s), 1267 (s), 1168 (s), 1130 (s), 
1072 (s), 1024 (w), 915 (s), 827 (s), 808 (m), 781 (m) 
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 MS: (EI, 70eV) 
  333 (M+, 24), 295 (100), 201 (5), 152 (5), 84 (22), 75 (9), 57 (6) 
 TLC: Rf  0.23 (hexanes) [silica gel, UV, CAM] 
 Analysis: C19H23F3OSi (352.47) 
 Calcd: C, 64.74;  H, 6.58    
 Found: C, 64.63; H, 6.82 
 
4-Benzoyl-4’-trifluoromethylbiphenyl (5gg) (Table 7, entry 9)
249
 [TC-5-33] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.7 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), 4-chlorobenzophenone (217 mg, 1.0 mmol, 1.0 equiv) and K+3g− (388 mg, 1.5 mmol, 
1.5 equiv) were combined and heated to 90 °C. After 5 h, the mixture was cooled to rt and 
subjected to an aqueous work-up. Purification by column chromatography (SiO2, 25 g, 20 mm 
diameter, hexane/CH2Cl2, gradient 2/1 to 1/2) followed by recrystallization afforded 188 mg 
(58%) (EtOH) of 5gg as white needles. The spectroscopic data matched those from the literature 
and was free of any major impurities. 
 
Data for 5gg: 
 mp: 151-153 °C (EtOH) 
 1H NMR:      (500 MHz, CDCl3) 
7.92 (d, 2 H, J = 8.5 Hz), 7.85 (m, 2 H), 7.78-7.73 (m, 4 H), 7.72 (d, 2 H, J = 8.5 
Hz), 7.62 (t, 1 H, J = 8.0 Hz), 7.52 (t, 2 H, J = 8.0 Hz) 
13C NMR:  (126 MHz, CDCl3) 
196.1, 143.6, 143.5, 137.5, 132.6, 130.8, 130.3, 130.0, 128.4, 127.6, 127.2, 125.9 
(q, J = 3.6 Hz), 124.1 (q, J = 272.3 Hz) 
19F NMR:  (470 MHz, CDCl3) 
-62.91  
 MS: (EI, 70eV) 
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  326 (M+, 77), 249 (100), 201 (21), 181 (9), 152 (25), 105 (44), 77 (26) 
 TLC: Rf  0.16 (hexanes/CH2Cl2, 2/1) [silica gel, UV] 
 
4’-tert-Butyl(4’-chlorobiphenyl-4-yloxy)dimethylsilane (5df) (Table 7, entry 10) [TC-3-97] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (12.8 mg, 0.025 mmol, 2.5 mol%), toluene 
(2 mL), (4-bromophenoxy)(tert-butyl)dimethylsilane (288 mg, 1.0 mmol, 1.0 equiv) and K+3d− 
(338 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 90 °C. After 3.5 h, the mixture was 
cooled to rt and subjected to an aqueous work-up. Purification by column chromatography (SiO2, 
34 g, 20 mm diameter, hexanes/CH2Cl2, gradient 79/1 to 39/1) followed by recrystallization 
(EtOH) afforded 181 mg (57%) of 5df as small cubic crystals. 
 
Data for 5df:   
mp: 90-91 °C 
 1H NMR:      (500 MHz, CDCl3) 
7.47 (d, 2 H, J = 8.5 Hz, HC(2’)), 7.42 (d, 2 H, J = 8.5 Hz, HC(2)), 7.37 (d, 2 H, J 
= 8.5 Hz, HC(3’)), 6.90 (d, 2 H, J = 8.5 Hz, HC(3)), 1.00 (s, 9 H, HC(7)), 0.23 (s, 
6 H, HC(5)) 
13C NMR:  (126 MHz, CDCl3) 
155.5 C(4), 139.3 (4’), 133.0 C(1), 132.6 C(1’), 128.8 C(3’), 127.9 C(2), 127.9 
C(2’), 120.4 C(3), 25.7 C(7), 18.2 C(6), -4.4 C(5) 
 IR: (nujol) 
 1605 (m), 1517 (m), 1487 (s), 1266 (s), 1169 (m), 1095 (m), 1005 (w), 917 (m), 
838 (m), 819 (s), 781 (m) 
 MS: (EI, 70eV) 
  320 (M+, 13), 318 (32), 263 (40), 261 (100), 245 (4), 226 (4), 211 (6), 165 (4), 
152 (12), 131 (6), 93 (5), 75 (7), 73 (5), 59 (3), 57 (3) 
 TLC: Rf  0.31 (hexanes/CH2Cl2, 39/1) [silica gel, UV, CAM] 
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 Analysis: C18H23ClOSi (318.91) 
 Calcd: C, 67.79;  H, 7.27    
 Found: C, 68.03; H, 7.34 
 
tert-Butyl((4'-chlorobiphenyl-3-yl)methoxy)dimethylsilane (5dh) (Table 7, entry 11) [TC-4-
58] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.5 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), (3-bromobenzyloxy)(tert-butyl)dimethylsilane (302 mg, 1.0 mmol, 1.0 equiv) and K+3d− 
(337 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 90 °C. After 3.5 h, the mixture was 
cooled to rt and subjected to an aqueous work-up. Purification by column chromatography (SiO2, 
33 g, 20 mm diameter, hexanes/CH2Cl2, 10/1, then C-18 reverse phase, 15 mm × 205 mm, 
CH3CN/H2O, 9/1) afforded 201 mg (60%) of 5dh as a pale yellow oil. 
 
Data for 5dh: 
 1H NMR:      (500 MHz, CDCl3) 
7.54-7.50 (m, 1 H, HC(6)), 7.52 (d, 2 H, J = 8.5 Hz, HC(2’)), 7.56-7.38 (m, 2 H, 
HC(2 or 4)), 7.40 (d, 2 H, J = 8.5 Hz, HC(3’)), 7.32 (d, 1 H, J = 7.5 Hz, HC(2 or 
4)),4.80 (s, 2 H, HC(7)), 0.96 (s, 9 H, HC(3’’)), 0.12 (s, 6 H, HC(1’’)) 
13C NMR:  (126 MHz, CDCl3) 
142.1 C(5), 139.9 C(1’), 139.7 C(1), 133.3 C(4’), 128.9 C(3’), 128.8 C(6), 128.4 
C(2’), 125.6 C(2, 3 or 4), 125.3 C(2, 3 or 4), 124.6 C(2, 3 or 4), 64.9 C(7), 26.0 
C(3’’), 18.4 C(2’’), -5.2 C(1’’) 
 IR: (nujol) 
 3032 (w), 2954 (s), 2928 (s), 2884 (s), 2856 (s), 1608 (m), 1596 (w), 1499 (m), 
1480 (s), 1471 (s), 1462 (s), 1439 (m), 1397 (m), 1361 (m), 1256 (s), 1185 (s), 
1093 (s), 1043 (m), 1013 (s), 938 (m), 836 (s), 781 (s), 742 (m), 716 (m), 699 (s), 
670 (m) 
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 MS: (EI, 70eV) 
  333 (M+, 10), 331 (25), 319 (5), 317 (13), 277 (34), 275 (82), 247 (11), 245 (31), 
219 (9), 203 (35), 210 (100), 166 (32), 165 (69), 145 (23), 115 (4), 89 (19), 75 (8), 
73 (7), 57 (11) 
 TLC: Rf  0.25 (hexanes/CH2Cl2,10/1) [silica gel, UV] 
 Analysis: C19H25ClOSi (332.94) 
 Calcd: C, 68.54;  H, 7.54    
 Found: C, 68.24; H, 7.69 
 
4’-Chloro-2-methylbiphenyl (5db) (Table 7, entry 12)
246
 [TC-3-54] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.6 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), 2-bromotoluene (120 µL, 1.0 mmol, 1.0 equiv) and K+3d− (337 mg, 1.5 mmol, 1.5 
equiv) were combined and heated to 90 °C. After 3 h, the mixture was cooled to rt and subjected 
to an aqueous work-up. Purification by column chromatography (SiO2, 27 g, 20 mm diameter, 
hexanes/CH2Cl2, 39/1, then C-18 reverse phase, 15 mm × 205 mm, CH3CN/H2O, 4/1) afforded 
138 mg (68%) of 5db as a light yellow oil. The spectroscopic data matched those from the 
literature and was free of any major impurities. 
 
Data for 5db: 
 1H NMR:      (500 MHz, CDCl3) 
7.38 (d, 2 H, J = 8.5 Hz), 7.30-7.21 (m, 5 H), 7.19 (d, 1 H, J = 7.0 Hz), 2.25 (s, 3 
H) 
13C NMR:  (126 MHz, CDCl3) 
140.6, 140.3, 135.2, 132.8, 130.5, 130.4, 129.6, 128.2, 127.6, 125.9, 20.4 
 MS: (EI, 70eV) 
  204 (M+, 38), 202 (100), 167 (97), 166 (39), 165 (73), 152 (28), 139 (6), 128 (3), 
115 (6), 101 (2), 89 (4), 82 (16), 75 (4), 70 (3), 63 (6) 
 TLC: Rf  0.57 (hexanes/CH2Cl2, 39/1) [silica gel, UV, CAM] 
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tert-Butyl-4'-chlorobiphenyl-4-carboxylate (5di) (Table 7, entry 13) [TC-4-48] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (12.8 mg, 0.025 mmol, 2.5 mol%), toluene 
(2 mL), (4-bromophenoxy)(tert-heptyl)dimethylsilane (258 mg, 1.0 mmol, 1.0 equiv) and K+3d− 
(337 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 90 °C. After 3.5 h, the mixture was 
cooled to rt and subjected to an aqueous work-up. Purification by column chromatography (SiO2, 
35 g, 20 mm diameter, hexanes/CH2Cl2, 3/1) followed by recrystallization (EtOH) afforded 184 
mg (56%) of 5di as colorless plates. 
 
Data for 5di: 
mp: 99-100 °C (EtOH) 
 1H NMR:      (500 MHz, CDCl3) 
8.05 (d, 2 H, J = 8.5 Hz, HC(3)), 7.60 (d, 2 H, J = 8.5 Hz, HC(2)), 7.54 (d, 2 H, J 
= 8.7 Hz, HC(2’)), 7.43 (d, 2 H, J = 8.7 Hz, HC(3’)), 1.62 (s, 9 H) 
13C NMR:  (126 MHz, CDCl3) 
165.1 C(5), 143.8 C(1), 138.6 C(1’), 134.2 C(4’), 131.1 C(4), 130.0 C(3), 129.1 
C(3’), 128.5 C(2’), 126.7 C(2), 81.1 C(6), 28.0 C(7) 
 IR: (nujol) 
 1707 (m), 1609 (w), 1365 (m), 1294 (m), 1255 (m), 1170 (m), 1114 (m), 1023 
(w), 1005 (w), 866 (w), 851 (w), 832 (m), 820 (m), 773 (m), 715 (m) 
 MS: (EI, 70eV) 
  290 (6), 288 (18), 234 (34), 232 (100), 217 (11), 215 (33), 152 (33), 126 (3), 108 
(2), 76 (7), 57 (16), 56 (14) 
 TLC: Rf  0.35 (hexanes/CH2Cl2, 2/1) [silica gel, UV, CAM]  
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3-Ethylpentan-3-yl-4’-chlorobiphenyl-4-carboxylate (5dj) (Table 7, entry 14) [TC-4-12] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (12.8 mg, 0.025 mmol, 2.5 mol%), toluene 
(2 mL), (4-bromophenoxy)(tert-heptyl)dimethylsilane (300 mg, 1.0 mmol, 1.0 equiv) and K+3d− 
(337 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 90 °C. After 3.5 h, the mixture was 
cooled to rt and subjected to an aqueous work-up. Purification by column chromatography (SiO2, 
35 g, 20 mm diameter, hexanes/CH2Cl2, 3/1) followed by recrystallization (EtOH) afforded 184 
mg (56%) of 5dj as colorless plates. 
 
Data for 5dj: 
mp: 96-98 °C 
 1H NMR:      (500 MHz, CDCl3) 
8.06 (d, 2 H, J = 8.5 Hz, HC(3)), 7.60 (d, 2 H, J = 8.5 Hz, HC(2)), 7.54 (d, 2 H, J 
= 8.8 Hz, HC(2’)), 7.43 (d, 2 H, J = 8.8 Hz, HC(3’)), 2.00 (d, 6 H, J = 7.5 Hz, 
HC(7)), 0.90 (t, 9 H, J = 7.5 Hz, HC(8)) 
13C NMR:  (126 MHz, CDCl3) 
165.1 C(5), 143.9 C(1), 138.6 C(1’), 134.2 C(4’), 131.0 C(4), 130.0 C(3), 129.1 
C(3’), 128.5 C(2’), 126.8 C(2), 89.2 C(6), 27.0 C(7), 7.8 C(8) 
 IR: (nujol) 
 1704 (m), 1609 (w), 1336 (m), 1280 (m), 1123 (m), 1093 (m), 1006 (m), 934 (w), 
893 (w), 865 (m), 846 (m), 826 (m), 774 (m), 700 (m), 668 (m) 
 MS: (EI, 70eV) 
  234 (34), 232 (100), 217 (19), 215 (56), 152 (46), 98 (29), 69 (26), 57 (12), 55 
(20) 
 TLC: Rf  0.24 (hexanes/CH2Cl2, 3/1) [silica gel, UV, CAM] 
 Analysis: C20H23ClO2 (330.85) 
 Calcd: C, 72.61;  H, 7.01    
 Found: C, 72.78; H, 7.10 
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3,5-Dimethylbenzo[b]thiophene (5dk) (Table 7, entry 15)
250
 [TC-4-15] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.5 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), 3-bromobenzo[b]thiophene (131 µL, 1.0 mmol, 1.0 equiv) and K+3d− (337 mg, 1.5 
mmol, 1.5 equiv) were combined and heated to 90 °C. After 3.5 h, the mixture was cooled to rt 
and subjected to an aqueous work-up. Purification by column chromatography (SiO2, 33 g, 20 
mm diameter, hexanes, then C-18 reverse phase, 15 mm × 205 mm, CH3CN/H2O, 4/1) afforded 
150 mg (61%) of 5dj as a pale yellow oil which became a pale yellow solid at rt over time. The 
spectroscopic data matched those from the literature and was free of any major impurities. 
 
Data for 5dj: 
 1H NMR:      (500 MHz, CDCl3) 
7.95-7.91 (m, 1 H), 7.89-7.84 (m, 1 H), 7.52 (d, 2 H, J = 8.5 Hz), 7.46 (d, 2 H, J = 
8.5 Hz), 7.39-7.43 (m, 3 H) 
13C NMR:  (126 MHz, CDCl3) 
140.7, 137.6, 136.8, 134.4, 133.4, 129.9, 128.9, 124.6, 124.5, 123.8, 123.8, 123.0, 
122.6 
 MS: (EI, 70eV) 
  246 (M+, 38), 244 (100), 208 (18), 199 (8), 165 (16), 104 (14), 91 (3) 
 TLC: Rf  0.43 (hexanes) [silica gel, UV, CAM] 
 
2-(4-Methoxyphenyl)benzofuran (5ee) (Table 8, entry 1)
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 [TC-4-73] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (12.8 mg, 0.025 mmol, 2.5 mol%), toluene 
(2 mL), 4-bromoanisole (125 µL, 1.0 mmol, 1.0 equiv) and Na+3e− (322 mg, 1.5 mmol, 1.5 
equiv) were combined and heated to 60 °C. After 5 h, the mixture was cooled to rt and subjected 
to an aqueous work-up. Purification by recrystallization (EtOH) afforded 184 mg (82%) of 5ee 
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as colorless flakes. The spectroscopic data matched those from the literature and was free of any 
major impurities. 
 
Data for 5ee: 
 mp: 148-149 °C (EtOH) 
 1H NMR:      (500 MHz, CDCl3) 
7.80 (d, 2 H, J = 9.0 Hz), 7.55 (dd, 1 H, J1 = 7.5 Hz, J2 = 1.0 Hz), 7.50 (dd, 1 H, 
J1 = 7.5 Hz, J2 = 1.0 Hz), 7.25 (ddd, 1 H, J1 = J2 = 7.5 Hz, J3 = 1.5 Hz), 7.21 
(ddd, 1 H, J1 = J2 = 7.5 Hz, J3 = 1.5 Hz), 6.98 (d, 2 H, J = 9.0 Hz), 6.89 (d, 1 H, J 
= 1.0 Hz), 3.87 (s, 3 H) 
13C NMR:  (126 MHz, CDCl3) 
160.2, 156.3, 154.9, 129.7, 126.7, 124.0, 123.6, 123.1, 120.8, 114.5, 111.2, 99.9, 
55.6 
 MS: (EI, 70eV) 
  224 (M+, 100), 209 (66), 181 (34), 152 (16), 127 (3), 112 (6), 89 (2), 76 (3), 63 
(4) 
 TLC: Rf  0.20 (hexanes/CH2Cl2, 8/1) [silica gel, UV, CAM] 
 
(4-(Benzofuran-2-yl)phenoxy)(tert-butyl)dimethylsilane (5ef) (Table 8, entry 2) [TC-4-74] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.7 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), (4-bromophenoxy)(tert-butyl)dimethylsilane (288 mg, 1.0 mmol, 1.0 equiv) and Na+3e− 
(322 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 60 °C. After 5 h, the mixture was 
cooled to rt and subjected to an aqueous work-up. Purification by column chromatography (SiO2, 
31 g, 20 mm diameter, hexanes) afforded 322 mg (99%) of 5ef as colorless flakes. 
 
Data for 5ef: 
 mp: 100-102 °C 
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 1H NMR:      (500 MHz, CDCl3) 
7.74 (d, 2 H, J = 8.5 Hz, HC(2)), 7.55 (dd, 1 H, J1 = 7.5 Hz, J2 = 0.5 Hz, HC(4’)), 
7.50 (d, 1 H, J = 8.0 Hz, HC(7’)), 7.24 (ddd, 1 H, J1 = 8.0 Hz, J2 = 7.0 Hz, J3 = 
1.5 Hz, HC(6’)), 7.21 (ddd, 1 H, J1 = 7.5 Hz, J2 = 7.0 Hz, J3 = 0.5 Hz, HC(5’)), 
6.92 (d, 2 H, J = 8.5 Hz, HC(3)), 6.89 (d, 1 H, J = 1.0 Hz, HC(3’)), 1.01 (s, 9 H, 
HC(7)), 0.24 (s, 6 H, HC(5)) 
13C NMR:  (126 MHz, CDCl3) 
156.3 C(4), 156.1 C(2’), 154.7 C(8’), 129.5 C(9’), 126.4 C(2), 123.9 C(1), 123.7 
C(6’), 122.8 C(5’), 120.6 C(4’), 120.5 C(3’), 111.0 C(7’), 99.8 C(3’), 25.7 C(7’), 
18.2 C(6’), -4.4 C(5) 
 IR: (nujol) 
 1616 (m), 1586 (m), 1503 (s), 1413 (m), 1299 (m), 1255 (s), 1208 (m), 1164 (m), 
1101 (m), 1032 (m), 1109 (m), 919 (s), 846 (s), 802 (s), 779 (s), 739 (s) 
 MS: (EI, 70eV) 
  324 (M+, 72), 267 (100), 257 (13), 239 (5), 223 (3), 193 (3), 165 (13), 134 (2), 
115 (2), 73 (5), 59 (2) 
 TLC: Rf  0.15 (hexanes) [silica gel, UV, KMnO4] 
 Analysis: C20H24O2Si (324.49) 
 Calcd: C, 74.03;  H, 7.45    
 Found: C, 74.05; H, 7.58 
 
3-(Benzofuran-2-yl)benzyloxy-tert-butyldimethylsilane (5eh) (Table 8, entry 3) [TC-4-72] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.5 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), (3-bromobenzyloxy)(tert-butyl)dimethylsilane (301 mg, 1.0 mmol, 1.0 equiv) and 
Na+3e− (322 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 60 °C. After 5 h, the 
mixture was cooled to rt and subjected to an aqueous work-up. Purification by column 
chromatography (SiO2, 32 g, 20 mm diameter, hexanes, then C-18 reverse phase, 15 mm × 205 
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mm, CH3CN/H2O, 9/1) afforded 241 mg (71%) of 5eh as a colorless oil which became a white 
solid at rt over time. 
Data for 5eh: 
 mp: 45-46 °C 
 1H NMR:      (500 MHz, CDCl3) 
7.83 (s, 1 H, HC(2)), 7.76 (d, 1 H, J = 8.0 Hz, HC(6)), 7.59 (dd, 1 H, J1 = 8.0 Hz, 
J2 = 1.0 Hz, HC(4’)), 7.52 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.0 Hz, HC(7’)), 7.42 (dd, 1 
H, J1 = 8.0 Hz, J2 = 7.5 Hz, HC(5)), 7.33 (d, 1 H, J = 7.5 Hz, HC(4)), 7.28 (ddd, 1 
H, J1 = 8.0 Hz, J2 = 7.0 Hz, J3 = 1.0 Hz, HC(6’)), 7.23 (ddd, 1 H, J1 = 8.0 Hz, J2 = 
7.0 Hz, J3 = 1.0 Hz, HC(5’)), 7.02 (s, 1 H, HC(3’)), 4.82 (s, 2 H, HC(7)), 0.98 (s, 
9 H, HC(10)), 0.14 (s, 6 H, HC(8)) 
13C NMR:  (126 MHz, CDCl3) 
156.1 C(2’), 154.9 C(8’), 142.1 C(3), 130.4 C(1), 129.2 (9’), 128.7 (6’), 126.2 (4), 
124.2 (5), 123.5 C(6), 122.9 C(5’), 122.5 C(2), 120.9 C(4’), 111.2 C(7’), 101.3 
(3’), 64.8 C(7), 26.0 C(10), 18.5 C(9), -5.2 C(8) 
 IR: (nujol) 
 1616 (w), 1580 (w), 1299 (w), 1257 (s), 1184 (m), 1145 (w), 1108 (s), 1079 (m), 
1045 (m), 1006 (m), 939 (m), 837 (s), 781 (s), 748 (s), 738 (s), 691 (m), 668 (m) 
 MS: (EI, 70eV) 
  338 (M+, 24), 281 (84), 251 (70), 207 (100), 178 (25), 152 (4), 141 (4), 104 (3), 
89 (3), 75 (4), 61 (3) 
 TLC: Rf  0.23 (hexanes/CH2Cl2, 8/1) [silica gel, UV, CAM] 
 Analysis: C21H26O2Si (338.52) 
 Calcd: C, 74.51;  H, 7.74    
 Found: C, 74.53; H, 7.90 
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2-o-Tolylbenzofuran (5eb) (Table 8, entry 4)
251
 [TC-4-71] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.5 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), 2-bromotoluene (120 µL, 1.0 mmol, 1.0 equiv) and Na+3e− (322 mg, 1.5 mmol, 1.5 
equiv) were combined and heated to 60 °C. After 8 h, the mixture was cooled to rt and subjected 
to an aqueous work-up. Purification by column chromatography (SiO2, 31 g, 20 mm diameter, 
hexanes) afforded 198 mg (95%) of 5eb as a colorless oil. The spectroscopic data matched those 
from the literature and was free of any major impurities. 
 
Data for 5eb: 
 1H NMR:      (500 MHz, CDCl3) 
7.86 (d, 1 H, J = 8.0 Hz), 7.62 (dd, 1 H, J1 = 7.9 Hz, J2 = 0.8 Hz), 7.53 (dd, 1 H, 
J1 = 7.9 Hz, J2 = 0.8 Hz), 7.34-7.28 (m, 4 H), 7.24 (dd, 1 H, J1 = 7.5 Hz, J2 = 1.0 
Hz), 6.90 (d, 1 H, J = 1.0 Hz), 2.59 (s, 3 H) 
13C NMR:  (126 MHz, CDCl3) 
155.6, 154.3, 135.8, 131.2, 129.9, 129.2, 128.5, 128.1, 126.1, 124.2, 122.8, 128.9, 
111.1, 105.1, 21.9 
 MS: (EI, 70eV) 
  208 (M+, 100), 189 (14), 178 (22), 165 (11), 152 (7), 147 (5), 139 (3), 131 (6), 
115 (10), 104 (5), 89 (12), 86 (8), 84 (13), 76 (7), 73 (12), 63 (6), 58 (14) 
 TLC: Rf  0.33 (hexanes) [silica gel, UV, CAM] 
 
 (tert-Butyl 5-(benzofuran-2-yl)-1H-indole-1-carboxylate (5el) (Table 8, entry 5) [TC-4-75] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.7 mg, 0.05 mmol, 5.0 mol%), toluene 
(2 mL), tert-butyl 5-bromo-1H-indole-1-carboxylate (296 mg, 1.0 mmol, 1.0 equiv) and Na+3e− 
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(322 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 60 °C. After 5 h, the mixture was 
cooled to rt and subjected to an aqueous work-up. Purification by column chromatography (SiO2, 
31 g, 20 mm diameter, hexanes/CH2Cl2, 5/1) afforded 304 mg (91%) of 5el as colorless flakes. 
 
Data for 5el: 
 mp: 126-128 °C 
 1H NMR:      (500 MHz, CDCl3) 
8.22 (d, 1 H, J = 7.5 Hz, HC(6)), 8.10 (d, 1 H, J = 1.5 Hz, HC(4)), 7.83 (dd, 1 H, 
J1 = 7.5 Hz, J2 = 1.5 Hz, HC(7)), 7.64 (d, 1 H, J = 3.3 Hz, HC(2)), 7.59 (dd, 1 H, 
J1 = 7.5 Hz, J2 = 1.0 Hz, HC(4’)), 7.52 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.0 Hz, 
HC(7’)), 7.28 (ddd, 1 H, J1 = 8.0 Hz, J2 = 7.5 Hz, J3 = 1.0 Hz, HC(6’)), 7.24 (ddd, 
1 H, J1 = J2 = 7.5 Hz, J3 = 1.0 Hz, HC(5’)), 7.02 (d, 1 H, J = 1.0 Hz, HC(3’)), 6.64 
(d, 1 H, J = 3.3 Hz, HC(3)), 1.70 (s, 9 H, HC(12))  
13C NMR:  (126 MHz, CDCl3) 
156.6 C(2’), 154.8 C(8’), 149.6 C(10), 135.2 C(8), 130.9 C(9), 129.5 C(9’), 126.8 
C(2), 125.2 C(5), 123.9 C(6’), 122.8 C(5), 121.5 C(6), 120.7 C(4’), 117.5 C(4’), 
115.5 C(7), 111.0 C(7’), 107.5 C(3), 100.4 C(3’), 84.0 C(11), 28.2 C(12) 
 IR: (nujol) 
 1737 (s), 1560 (w), 1533 (w), 1394 (m), 1353 (m), 1335 (m), 1300 (m), 1289 (s), 
1260 (s), 1242 (s), 1213 (m), 1192 (m), 1164 (s), 1156 (s), 1143 (m), 1136 (s), 
1084 (s), 1023 (s), 940 (w), 897 (w), 829 (m), 820 (m), 808 (s), 803 (s), 777 (m), 
767 (s), 750 (s), 743 (s), 733 (s), 668 (m) 
 MS: (EI, 70eV) 
  333 (M+, 7), 277 (2), 233 (100), 204 (18), 176 (5), 151 (3), 117 (5), 88 (3), 57 (9) 
 TLC: Rf  0.16 (hexanes/CH2Cl2, 5/1) [silica gel, UV, KMnO4] 
 Analysis: C21H19NO3 (333.38) 
 Calcd: C, 75.66;  H, 5.74    
 Found: C, 75.85; H, 5.71 
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2-(4-Nitrophenyl)benzofuran (5em) (Table 8, entry 6)
252
 [TC-5-15] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.6 mg, 0.05 mmol, 5.0 mol%), THF (2 
mL), 1-bromo-4-nitrobenzene (202 mg, 1.0 mmol, 1.0 equiv) and Na+3e− (322 mg, 1.5 mmol, 1.5 
equiv) were combined and heated to 60 °C. After 8 h, the mixture was cooled to rt, filtered 
through SiO2 (30 mm × 60 mm) and the column was eluted with EtOAc (200 mL). Purification 
by column chromatography (SiO2, 26 g, 20 mm diameter, hexanes/CH2Cl2, gradient 3/1 to 1/1), 
sublimation (130 °C, 0.05 mmHg) followed by recrystallization (EtOH) afforded 138 mg (58%) 
of 5em as small yellow needles. The spectroscopic data matched those from the literature and 
was free of any major impurities. 
 
Data for 5em: 
 mp: 181-182 °C (EtOH) 
 1H NMR:      (500 MHz, CDCl3) 
8.32 (d, 2 H, J = 8.7 Hz), 8.01 (d, 2 H, J = 8.7 Hz), 7.65 (d, 1 H, J = 7.5 Hz), 7.56 
(d, 1 H, J = 8.5 Hz), 7.38 (dd, 1 H, J1 = J2 = 7.5 Hz), 7.29 (dd, 1 H, J1 = J2 = 7.5 
Hz), 7.25 (s, 1 H) 
13C NMR:  (126 MHz, CDCl3) 
155.4, 153.2, 147.2, 136.2, 128.6, 125.8, 125.2, 124.3, 123.5, 121.6, 111.5, 105.1 
 MS: (EI, 70eV) 
  239 (M+, 100), 209 (23), 193 (20), 181 (13), 165 (42), 139 (8), 115 (5), 97 (5), 83 
(7), 69 (24), 55 (14) 
 TLC: Rf  0.24 (hexanes/CH2Cl2, 3/1) [silica gel, UV, CAM] 
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2-(4-Nitrophenyl)benzofuran (5en) (Table 8, entry 7)
253
 [TC-5-14] 
 
 Following General Procedure IV, (t-Bu3P)2Pd (25.6 mg, 0.05 mmol, 5.0 mol%), dioxane 
(2 mL), 4-bromobenzonitrile (182 mg, 1.0 mmol, 1.0 equiv) and Na+3e− (322 mg, 1.5 mmol, 1.5 
equiv) were combined and heated to 60 °C. After 3.5 h, the mixture was cooled to rt, filtered 
through SiO2 (30 mm × 60 mm) and the column was eluted with EtOAc (200 mL). Purification 
by column chromatography (SiO2, 25 g, 20 mm diameter, hexanes/CH2Cl2, gradient 3/1 to 1/2) 
followed by sublimation (150 °C, 0.15 mmHg) afforded 129 mg (59%) of 5en as an off-white 
solid. The spectroscopic data matched those from the literature and was free of any major 
impurities. 
 
Data for 5en: 
 mp: 143-144 °C 
 1H NMR:      (500 MHz, CDCl3) 
7.96 (d, 2 H, J = 9.0 Hz), 7.73 (d, 2 H, J = 9.0 Hz), 7.63 (d, 1 H, J = 7.5 Hz), 7.55 
(dd, 1 H, J1 = 8.0 Hz, J2 = 0.5 Hz), 7.36 (ddd, 1 H, J1 = 8.0 Hz, J2 = 7.2 Hz, J3 = 
1.0 Hz), 7.28 (ddd, 1 H, J1 = 7.5 Hz, J2 = 7.2 Hz, J3 = 0.5 Hz), 7.19 (d, 1 H, J = 
0.5 Hz) 
13C NMR:  (126 MHz, CDCl3) 
155.2, 153.5, 134.4, 132.6, 128.6, 125.5, 125.1, 123.4, 121.5, 118.7, 111.5, 111.4, 
104.3 
 MS: (EI, 70eV) 
  219 (M+, 100), 190 (31), 164 (6), 140 (2), 110 (6), 69 (8), 55 (4) 
 TLC: Rf  0.62 (hexanes/CH2Cl2, 2/1) [silica gel, UV, CAM] 
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4.1.6 General Procedure V: Cross-Coupling of Sodium Benzofuran-2-
yldimethylsilanolate with Aryl Chlorides. 
In an oven-dried, 5-mL, 1-necked, round-bottomed flask containing a magnetic stir bar 
equipped with a reflux condenser and a 3-way adaptor fitted with a septum, APC (9.1 mg, 0.025, 
mmol, 2.5 mol %) and 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl, S-Phos (20.5 mg, 
0.05 mmol, 5 mol %) were combined. The flask was sequentially evacuated and purged with 
argon twice. THF (1.0 mL), and the aryl chloride (1.0 mmol, 1.0 equiv) were added followed by 
Na+3e- (322 mg, 1.5 mmol, 1.5 equiv). The reaction mixture was heated to 60 °C under argon. 
After GC analysis showed complete consumption of the aryl chloride, the mixture was cooled to 
rt and poured into water (20 mL). The biphasic layer was extracted with EtOAc (3 × 20 mL) and 
the combined organic extracts were washed with sat. NaCl (20 mL) and dried (Na2SO4). 
Alternatively, the reaction mixture is filtered through a plug of SiO2 (20 mm × 20 mm) and 
eluted with Et2O. The filtrate was concentrated in vacuo and the residue was purified by column 
chromatography (SiO2 or C-18 reverse phase) followed by recrystallization (EtOH) to afford the 
desired product. 
 
2-(4-Methoxyphenyl)benzofuran (5ee) (Table 9, entry 1)
251
 [TC-5-63] 
 
 Following General Procedure V, APC (9.2 mg, 0.025 mmol, 2.5 mol%), S-Phos (20.6 
mg, 0.05 mmol, 5.0 mol%), THF (2 mL), 4-chloroanisole (125 µL, 1.0 mmol, 1.0 equiv) and 
Na+3e− (322 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 60 °C. After 3.5 h, the 
mixture was cooled to rt, filtered through SiO2 (11 g, 20 mm diameter) and the column was 
eluted with Et2O (100 mL). The filtrate was concentrated and dissolved in a minimal amount of 
CH2Cl2 to give a brown solution. Filtration through a plug of SiO2 (20 mm × 20 mm) eluting 
with CH2Cl2 (50 mL) gave a yellow solution. Purification by recrystallization (EtOH) afforded 
177 mg (77%) of 5ee as colorless flakes. The spectroscopic data matched those from the 
literature and was free of any major impurities. 
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Data for 5ee: 
 mp: 148-149 °C (EtOH) 
 1H NMR:      (500 MHz, CDCl3) 
7.81 (d, 2 H, J = 9.0 Hz), 7.57 (dd, 1 H, J1 = 7.5 Hz, J2 = 1.0 Hz), 7.52 (dd, 1 H, 
J1 = 7.5 Hz, J2 = 1.0 Hz), 7.27 (ddd, 1 H, J1 = J2 = 7.5 Hz, J3 = 1.5 Hz), 7.23 
(ddd, 1 H, J1 = J2 = 7.5 Hz, J3 = 1.5 Hz), 6.99 (d, 2 H, J = 9.0 Hz), 6.90 (d, 1 H, J 
= 1.0 Hz), 3.87 (s, 3 H) 
13C NMR:  (126 MHz, CDCl3) 
159.5, 156.0, 154.7, 129.5, 126.4, 123.7, 123.3, 122.8, 120.5, 114.2, 111.0, 99.6, 
55.4 
 MS: (EI, 70eV) 
  224 (M+, 100), 209 (61), 181 (32), 152 (15), 127 (3), 112 (7), 76 (3), 63 (4) 
 TLC: Rf  0.22 (hexanes/CH2Cl2, 8/1) [silica gel, UV, CAM] 
 
2-(2,6-Dimethylphenyl)benzofuran (5eo) (Table 9, entry 2)
254
 [TC-5-61] 
 
 Following General Procedure V, APC (9.2 mg, 0.025 mmol, 2.5 mol%), S-Phos (20.4 
mg, 0.05 mmol, 5.0 mol%), THF (2 mL), 1,3-dimethylchlorobenzene (133 µL, 1.0 mmol, 1.0 
equiv) and Na+3e− (322 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 60 °C. After 5 h, 
the mixture was cooled to rt and subjected to an aqueous work-up. Purification by column 
chromatography (SiO2, 31 g, 20 mm diameter, hexane, then C-18 reverse phase, 15 mm × 205 
mm, CH3CN/H2O, 4/1) afforded 190 mg (82%) of 5eo as a pale yellow oil. The spectroscopic 
data matched those from the literature and was free of any major impurities. 
 
Data for 5eo: 
 1H NMR:      (500 MHz, CDCl3) 
7.64 (dd, 1 H, J1 = 7.5 Hz, J2 = 1.5 Hz), 7.52 (d, 1 H, J = 7.8 Hz), 7.31 (ddd, 1 H, 
J1 = 7.8 Hz, J2 = 7.3 Hz, J3 = 1.5 Hz), 7.28 (ddd, 1 H, J1 = J2 = 7.3 Hz, J3 = 1.0 
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Hz), 7.26 (t, 1 H, J = 7.5 Hz), 7.15 (d, 2 H, J = 7.5 Hz), 6.68 (s, 1 H), 2.27 (s, 6 H) 
13C NMR:  (126 MHz, CDCl3) 
154.8, 154.7, 138.5, 130.6, 129.2, 128.8, 127.5, 123.8, 122.6, 120.8, 111.2, 106.1, 
20.6 
 MS: (EI, 70eV) 
  222 (M+, 100), 207 (39), 178 (23), 165 (5), 152 (5), 139 (2), 129 (5), 115 (4), 101 
(2), 89 (6), 77 (3), 63 (3) 
 TLC: Rf  0.32 (hexanes) [silica gel, UV] 
 
2-(4-Trifluoromethylphenyl)benzofuran (5ep) (Table 9, entry 3)
254
 [TC-5-62] 
 
 Following General Procedure V, APC (9.2 mg, 0.025 mmol, 2.5 mol%), S-Phos (20.4 
mg, 0.05 mmol, 5.0 mol%), THF (2 mL), 4-bromobenzotrifluoride (135 µL, 1.0 mmol, 1.0 
equiv) and Na+3e− (322 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 60 °C. After 3 h, 
the mixture was cooled to rt and subjected to an aqueous work-up. Purification by column 
chromatography (SiO2, 28 g, 20 mm diameter, hexane/CH2Cl2, gradient 1/0 to 4/1) followed by 
recrystallization afforded 216 mg (82%) of 5ep as pale yellow flakes. The spectroscopic data 
matched those from the literature and was free of any major impurities. 
 
Data for 5ep: 
 mp: 162-163 °C (EtOH) 
 1H NMR:      (500 MHz, CDCl3) 
7.96 (d, 2 H, J = 8.0 Hz), 7.70 (d, 2 H, J = 8.0 Hz), 7.62 (d, 1 H, J = 8.0 Hz), 7.55 
(d, 1 H, J = 8.0 Hz), 7.34 (dd, 1 H, J1 = 8.0 Hz, J2 = 7.5 Hz), 7.27 (dd, 1 H, J1 = 
8.0 Hz, J2 = 7.5 Hz), 7.14 (s, 1 H) 
13C NMR:  (126 MHz, CDCl3) 
155.1, 154.2, 133.7, 130.1 (q, J = 31.3 Hz), 128.8, 125.8 (q, J = 3.8 Hz), 125.1, 
124.9, 124.0 (q, J = 271.9 Hz), 123.3, 121.3, 111.3, 103.2 
19F NMR:  (470 MHz, CDCl3) 
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-63.06 
 MS: (EI, 70eV) 
  262 (M+, 100), 243 (2), 233 (6), 183 (3), 165 (20), 131 (4), 106 (7), 92 (2), 63 (2) 
 TLC: Rf  0.41 (hexanes) [silica gel, UV, CAM] 
 
2-(4-Nitrophenyl)benzofuran (5en) (Table 9, entry 4)
253
 [TC-5-54] 
 
 Following General Procedure V, APC (9.1 mg, 0.025 mmol, 2.5 mol%), S-Phos (20.6 
mg, 0.05 mmol, 5.0 mol%), THF (2 mL), 4-chlorobenzonitrile (138 mg, 1.0 mmol, 1.0 equiv) 
and Na+3e− (322 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 60 °C. After 3.5 h, the 
mixture was cooled to rt and subjected to an aqueous work-up. Purification by column 
chromatography (SiO2, 32 g, 20 mm diameter, hexanes/CH2Cl2, gradient 3/1 to 1/2) followed by 
sublimation (100 °C, 0.05 mmHg) afforded 140 mg (64%) of 5en as an off-white solid. The 
spectroscopic data matched those from the literature and was free of any major impurities. 
 
Data for 5en: 
 mp: 143-144 °C 
 1H NMR:      (500 MHz, CDCl3) 
7.95 (d, 2 H, J = 9.0 Hz), 7.73 (d, 2 H, J = 9.0 Hz), 7.63 (d, 1 H, J = 7.5 Hz), 7.55 
(dd, 1 H, J1 = 8.0 Hz, J2 = 0.5 Hz), 7.36 (ddd, 1 H, J1 = 8.0 Hz, J2 = 7.2 Hz, J3 = 
1.0 Hz), 7.28 (ddd, 1 H, J1 = 7.5 Hz, J2 = 7.2 Hz, J3 = 0.5 Hz), 7.18 (d, 1 H, J = 
0.5 Hz) 
13C NMR:  (126 MHz, CDCl3) 
155.2, 153.5, 134.5, 132.6, 128.6, 125.5, 125.1, 123.4, 121.5, 118.7, 111.5, 111.4, 
104.3 
 MS: (EI, 70eV) 
  219 (M+, 100), 190 (27), 164 (5), 110 (6), 82 (3), 63 (3) 
 TLC: Rf  0.60 (hexanes/CH2Cl2, 2/1) [silica gel, UV, CAM] 
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2-(3-Pyridinyl)benzofuran (5eq) (Table 9, entry 5)
254
 [TC-5-33] 
 
 Following General Procedure V, APC (9.1 mg, 0.025 mmol, 2.5 mol%), S-Phos (20.6 
mg, 0.05 mmol, 5.0 mol%), THF (2 mL), 3-chloropyridine (95 µL, 1.0 mmol, 1.0 equiv) and 
Na+3e− (322 mg, 1.5 mmol, 1.5 equiv) were combined and heated to 60 °C. After 5 h, the 
mixture was cooled to rt and subjected to an aqueous work-up. Purification by column 
chromatography (SiO2, 26 g, 20 mm diameter, hexane/EtOAc, gradient 6/1 to 2/1 then C-18 
reverse phase, 15 mm × 205 mm, CH3CN/H2O, 9/1) followed by recrystallization (EtOH) 
afforded 131 mg (67%) of 5eq as faint green needles. The spectroscopic data matched those from 
the literature and was free of any major impurities. 
 
Data for 5eq:  
 mp: 79-80 °C (EtOH) 
 1H NMR:      (500 MHz, CDCl3) 
9.12 (d, 1 H, J = 1.5 Hz), 8.58 (dd, 1 H, J1 = 5.0 Hz, J2 = 1.5 Hz), 8.12 (ddd, 1 H, 
J1 = 8.0 Hz, J2 = J3 = 2.0 Hz), 7.61 (dd, 1 H, J1 = 8.0 Hz, J2 = 1.0 Hz), 7.55 (dd, 1 
H, J1 = 8.0 Hz, J2 = 1.0 Hz), 7.37 (dd, 1 H, J1 = 8.0 Hz, J2 = 5.0 Hz), 7.33 (dd, 1 
H, J1 = 7.5 Hz, J2 = 1.0 Hz), 7.26 (dd, 1 H, J1 = 7.5 Hz, J2 = 1.0 Hz), 7.12 (d, 1 H, 
J = 0.5 Hz) 
13C NMR:  (126 MHz, CDCl3) 
155.0, 152.9, 149.3, 146.4, 131.8, 128.7, 126.6, 124.9, 123.5, 123.2, 121.2, 111.3, 
102.7 
 MS: (EI, 70eV) 
  195 (M+, 100), 166 (14), 139 (14), 114 (3), 98 (5), 87 (2), 69 (4) 
 TLC: Rf  0.13 (hexanes/EtOAc, 6/1) [silica gel, UV] 
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4.2 Procedures for Chapter 2 
4.2.1 General Experimental 
All reactions were performed in oven-dried, (140 °C) or flame-dried vials or NMR tubes 
which were prepared in a drybox unless otherwise noted.  Reaction temperatures reported are 
those from the oil bath or NMR probe setting. The temperatures for the NMR probe were 
calibrated using ethylene glycol as a temperature standard.  Tetrahydrofuran and ether (Fisher, 
HPLC grade) was dried by percolation through two columns packed with neutral alumina under 
a positive pressure of argon. Toluene, pentane and hexane (Fisher, ACS grade) were dried by 
percolation through a column packed with neutral alumina and a column packed with Q5 
reactant, a supported copper catalyst for scavenging oxygen, under a positive pressure of argon. 
Benzene (Fisher, ACS grade) was distilled from sodium; benzotrifluoride (Aldrich, ACS grade) 
was distilled from CaH2.  Commercial reagents were purified by distillation or recrystallization 
prior to use.  Tri(tert-butyl)phosphine (Strem) and Pd2dba3 (Alfa Aesar) were used as received. 
 1H NMR spectra, 13C NMR, 19F NMR and 31P spectra were recorded on a Varian Unity 
500 (500 MHz, 1H; 126 MHz, 13C) or a Varian VXR 500 (500 MHz, 1H; 126 MHz, 13C) 
spectrometer.  Spectra are referenced to residual benzene (δ 7.16 ppm, 1H; δ 128.0 ppm, 13C) or 
residual methylene chloride (δ 7.16 ppm, 1H; δ 128.0 ppm, 13C) where applicable.  Phosphoric 
acid (40% in H2O) was used as an external reference for 
31P NMR (0.00 ppm, 31P) and neat 
trichlorofluoromethane (0.00 ppm, 19F) as an external reference for 19F NMR.  Chemical shifts 
are reported in ppm, multiplicities are indicated by s (singlet), d (doublet), t (triplet), q (quartet), 
p (pentet), h (hextet), m (multiplet) and br (broad).  Coupling constants, J, are reported in Hertz.   
 
4.2.2 Literature preparations 
 Potassium (4-methoxyphenyl)dimethylsilanolate,44 (phenyl)dimethylsilanol255, potassium 
(phenyl)dimethylsilanolate189, (4-trifluoromethylphenyl)dimethylsilanol240, potassium (4-
trifluoromethylphenyl)dimethylsilanolate256, 4-bromo-1-butoxybenzene257, (4-
butoxyphenyl)dimethylsilanol258, and (t-Bu3)2Pd
235 were prepared by literature methods. 
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4.2.3 Starting Material 
Bromo(4-trifluoromethoxyphenyl)(tri-tert-butylphosphine)palladium (22) 
 
 In a drybox, an oven-dried, 25-mL Schlenk flask was charged with (t-Bu3P)2Pd (300 mg, 
0.587 mmol, 1.0 equiv) and t-Bu3P•HBr (5.0 mg, 0.018 mmol, 0.03 equiv) as solids.  The flask 
was sealed and removed from the drybox.  The flask was then purged with Ar and degassed 2-
butanone (11.8 mL) was added.  Then, 1-bromo-4-(trifluoromethoxy)benzene (3.5 mL, 23.5 
mmol, 40.0 equiv) was added as a liquid and the flask was immediately submerged into a 
preheated 70 °C oil bath.  After 50 min, the flask was removed from heat and the reaction was 
cooled to room temperature.  The volatiles were removed in vacuo (0.05 mmHg) to afford a light 
yellow solid.  The flask was gain sealed and returned to a drybox.  Toluene (5 mL) was added to 
the solids, resulting in heterogeneous mixture.  The mixture was added to vigorously stirring 
pentanes (28 mL) which resulted in the precipitation of a light yellow solid.  The solids were 
collected on an oven-dried M porosity fritted funnel and the solids were washed with additional 
pentanes (3 × 1 mL).  The solids were dried in vacuo (0.2 mmHg) for 3 h to afford 146 mg 
(45%) of 22 as an analytically pure yellow powder. The sample was analyzed by 1H, 19F, and 31P 
NMR spectroscopy at room temperature. The 13C NMR spectroscopy was analyzed at -30 °C. 
 
Data for 22: 
 1H NMR:      (500 MHz, C6D6) 
7.34 (dd, 2 H, J1 = 8.5 Hz, J2 = 2.0 Hz), 6.73 (d, 2 H, J = 8.0 Hz), 1.11 (d, 27 H, 
JPH = 12.5 Hz) 
13C NMR:  (126 MHz, CD2Cl2)  
146.0, 136.4, 130.9 (br), 120.4 (q, JCF = 256 Hz), 119.6, 41.2 (d, JCP = 10.8 Hz), 
31.5 (d, JCP = 11.7 Hz) 
 19F NMR:      (470 MHz, C6D6) 
-58.2 
 31P NMR:      (202 MHz, C6D6) 
68.8 
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 Analysis: C19H31BrF3OPPd (549.74) 
 Calcd: C, 41.51;  H, 5.68; Br, 14.53; Pd, 19.36 
  Found:    C, 41.40;    H, 5.64; Br, 14.35;     Pd, 18.82 
 
 
4.2.4 General Procedure I: Kinetic Measurements for Activated Transmetalation of 
Arylpalladium(II) 
 
Transmetalation of Arylpalladium Arylsilanolate Complex 24a 
 
In a drybox, an oven-dried, 5-mm NMR tube was charged with 22 (12.5 mg, 0.0227 
mmol, 1.0 equiv), and toluene (0.3 mL) resulting in an orange solution upon vigorous mixing.  
Then, K+23a– (5.6 mg, 0.0213 mmol, 0.95 equiv) was added as a solid followed by toluene (0.2 
mL). The mixture was vigorously mixed using a vortex mixer for ca. 2 min to ensure complete 
dissolution.  A capillary of Ph3P(O) in toluene (117 mM) was added and the tube was sealed with 
a septum and wrapped with Parafilm to exclude any oxygen or moisture.  In a separate oven-
dried, 3-mL vial was charged an additional amount of K+23a– (6.3 mg, 0.0240 mmol, 1.05 equiv) 
and toluene (0.3 mL) resulting in a colorless solution.  The vial was sealed with a septum and 
wrapped with Parafilm.  The NMR tube and vial were removed from the drybox.  Once near the 
NMR probe, the silanolate solution was injected into the NMR tube using a 1-mL syringe in one 
portion and was vigorously mixed by shaking the NMR tube (ca. 15 s). The tube was quickly 
inserted into a NMR probe at room temperature (19.5-21.8 °C).  The reaction progress was 
monitored by the disappearance of starting complex 24a (31P NMR, -61.9 ppm) as compared to 
the reference capillary (Ph3P(O), 
31P NMR, 21.7 ppm) via 31P NMR spectroscopy using the 
following parameters259: at = 1.441, d1 = 4.0, pw90 = pw = 12.8, nt=30, sampling every 17 s. 
The rate of the reaction was determined by the slope of the 1st order decay: kobs = 3.81 x 10
-4
 s
-1. 
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Time 
(s) 
Integral IS 
(21.8 ppm) 
Integral Pd 
complex  
(62.4 ppm) 
Normalized 
Integral 
Normalized 
(mM) 
0 6.9113 3.1810 2.17 28.38 
180 6.5763 3.2763 2.01 26.21 
360 6.0366 3.1386 1.92 25.12 
540 5.6481 3.2414 1.74 22.76 
720 5.3010 3.1698 1.67 21.84 
900 5.0720 3.2586 1.56 20.33 
1080 4.7147 3.0273 1.56 20.34 
1260 4.3963 3.2245 1.36 17.81 
1440 4.1005 3.3264 1.23 16.10 
1620 3.7253 3.2564 1.14 14.94 
1800 3.5897 3.3424 1.07 14.03 
1980 3.2210 3.1620 1.02 13.30 
2160 3.1378 3.1235 1.00 13.12 
2340 2.9067 3.1458 0.92 12.07 
2520 2.6638 3.1972 0.83 10.88 
2700 2.4001 3.1260 0.77 10.03 
2880 2.3119 3.2479 0.71 9.30 
3060 2.0725 2.9864 0.69 9.06 
3240 1.8579 3.1983 0.58 7.59 
3420 1.6737 3.2196 0.52 6.79 
3600 1.5146 3.1257 0.48 6.33 
3780 1.5194 3.3406 0.45 5.94 
3960 1.2706 3.2064 0.40 5.18 
4140 1.1300 3.1809 0.36 4.64 
4320 0.9924 3.2804 0.30 3.95 
4500 0.8658 3.1552 0.27 3.58 
4680 0.8735 3.1791 0.27 3.59 
4860 0.7897 3.2671 0.24 3.16 
5040 0.6052 3.2574 0.19 2.43 
5220 0.6435 3.3030 0.19 2.54 
5400 0.5358 3.2849 0.16 2.13 
5580 0.3901 3.1317 0.12 1.63 
5760 0.3875 3.2469 0.12 1.56 
5940 0.2424 3.1871 0.08 0.99 
204 
 
6120 0.1852 3.2464 0.06 0.74 
6300 0.2138 3.1774 0.07 0.88 
6480 0.1362 3.2256 0.04 0.55 
6660 0.2380 3.3595 0.07 0.93 
6840 0.1301 3.3369 0.04 0.51 
7020 0.1631 3.1804 0.05 0.67 
7200 0.2346 3.2517 0.07 0.94 
7380 0.0472 3.2725 0.01 0.19 
7560 0.0803 3.3211 0.02 0.32 
7740 0.2502 3.3604 0.07 0.97 
7920 0.1641 3.3376 0.05 0.64 
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Model ExpDec1
Equation
y = A1*exp(-x
/t1) + y0
Reduced 
Chi-Sqr
0.00189
Adj. R-Squar 0.99528
Value Standard Err
Pdcomplex y0 -0.1 0
Pdcomplex A1 2.32468 0.02161
Pdcomplex t1 2623.257 36.70516
 
 
 
Transmetalation of Arylpalladium Arylsilanolate Complex 24a  
Following General Procedure I, a mixture of 22 (12.6 mg, 0.0229 mmol, 1.0 equiv) was 
dissolved in toluene (0.3 mL), followed by addition of K+23a– (5.7 mg, 0.0217 mmol, 0.95 
equiv) and toluene (0.2 mL) to afford an orange solution. A solution of K+23a– (6.3 mg, 0.0240 
mmol, 1.05 equiv) in toluene (0.3 mL) was added to afford an orange solution.  The tube was 
placed into a NMR probe at room temperature and the reaction progress was monitored by 31P 
NMR spectroscopy.  kobs = 3.88 × 10
-4
 s
-1. 
 
Time 
(s) 
Integral IS 
(21.8 ppm) 
Integral Pd 
complex  
(62.4 ppm) 
Normalized 
Integral 
Normalized 
(mM) 
0 7.1205 2.9376 2.42 28.63 
205 
 
180 6.6052 2.8632 2.31 27.24 
360 6.1541 3.0639 2.01 23.72 
540 5.7407 2.9260 1.96 23.17 
720 5.5335 3.0142 1.84 21.68 
900 5.0975 3.0417 1.68 19.79 
1080 4.9071 3.0677 1.60 18.89 
1260 4.5706 3.0163 1.52 17.89 
1440 4.2427 3.1262 1.36 16.03 
1620 3.8382 3.0117 1.27 15.05 
1800 3.6685 3.0009 1.22 14.44 
1980 3.3925 2.9500 1.15 13.58 
2160 3.1431 3.0058 1.05 12.35 
2340 2.9613 3.1247 0.95 11.19 
2520 2.7379 3.0674 0.89 10.54 
2700 2.7183 3.2155 0.85 9.98 
2880 2.3822 3.1688 0.75 8.88 
3060 2.1762 3.0664 0.71 8.38 
3240 2.0628 3.0782 0.67 7.91 
3420 1.7126 3.0181 0.57 6.70 
3600 1.7087 3.1611 0.54 6.38 
3780 1.3874 3.0683 0.45 5.34 
3960 1.5454 3.1955 0.48 5.71 
4140 1.2398 3.1561 0.39 4.64 
4320 1.1519 3.0807 0.37 4.42 
4500 0.9046 3.1825 0.28 3.36 
4680 0.9688 3.1256 0.31 3.66 
4860 0.8953 3.2177 0.28 3.29 
5040 0.7431 3.1530 0.24 2.78 
5220 0.6480 3.0928 0.21 2.47 
5400 0.4218 3.1163 0.14 1.60 
5580 0.5629 3.1699 0.18 2.10 
5760 0.2663 3.0567 0.09 1.03 
5940 0.3369 3.0766 0.11 1.29 
6120 0.2438 3.1271 0.08 0.92 
6300 0.3465 3.0824 0.11 1.33 
6480 0.3107 3.2625 0.10 1.12 
6660 0.2364 3.2176 0.07 0.87 
206 
 
6840 0.2554 3.1787 0.08 0.95 
7020 0.1212 3.1655 0.04 0.45 
7200 0.0422 3.1344 0.01 0.16 
7380 0.1503 3.2075 0.05 0.55 
7560 0.0258 3.2480 0.01 0.09 
7740 0.1575 3.1113 0.05 0.60 
7920 0.0514 3.1494 0.02 0.19 
8100 0.0458 3.1622 0.01 0.17 
8280 0.0768 3.1974 0.02 0.28 
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Model ExpDec1
Equation
y = A1*exp(-x
/t1) + y0
Reduced 
Chi-Sqr
0.00148
Adj. R-Squar 0.99693
Value Standard Erro
Pdcomplex y0 -0.1 0
Pdcomplex A1 2.55352 0.01918
Pdcomplex t1 2576.6880 28.94352
 
avg kobs = 3.85 × 10
-4
 ± 4.9 × 10
-6
 s
-1 
 
 
Transmetalation of Arylpalladium Arylsilanolate Complex 24b  
 
Following General Procedure I, a mixture of 22 (12.7 mg, 0.0231 mmol, 1.0 equiv) was 
dissolved in toluene (0.3 mL), followed by addition of K+23b– (4.2 mg, 0.0219 mmol, 0.95 
equiv) and toluene (0.2 mL) to afford an orange solution. A solution of K+23b– (4.7 mg, 0.0247 
mmol, 1.05 equiv) in toluene (0.3 mL) was added to afford an orange solution.  The tube was 
placed into a NMR probe at room temperature and the reaction progress was monitored by 31P 
NMR spectroscopy.  kobs = 1.65 × 10
-4
 s
-1. 
 
 
207 
 
Time 
(s) 
Integral IS 
(21.8 ppm) 
Integral Pd 
complex  
(62.4 ppm) 
Normalized 
Integral 
Normalized 
(mM) 
0 6.9096 3.3219 2.08 28.88 
180 6.7246 3.3970 1.98 27.48 
360 6.5034 3.5250 1.84 25.61 
540 6.3863 3.3199 1.92 26.70 
720 6.0681 3.3828 1.79 24.90 
900 6.0706 3.3623 1.81 25.06 
1080 6.0208 3.4802 1.73 24.02 
1260 5.8471 3.3532 1.74 24.21 
1440 5.6915 3.3499 1.70 23.59 
1620 5.6179 3.3154 1.69 23.52 
1800 5.3526 3.4084 1.57 21.80 
1980 5.3022 3.3530 1.58 21.95 
2160 5.0998 3.3797 1.51 20.95 
2340 5.0918 3.3578 1.52 21.05 
2520 4.9555 3.3395 1.48 20.60 
2700 4.7725 3.3891 1.41 19.55 
2880 4.6957 3.3754 1.39 19.31 
3060 4.4854 3.2505 1.38 19.16 
3240 4.2829 3.3385 1.28 17.81 
3420 4.2240 3.3310 1.27 17.60 
3600 4.0522 3.3047 1.23 17.02 
3780 3.9141 3.3689 1.16 16.13 
3960 3.8191 3.5049 1.09 15.13 
4140 3.7747 3.3725 1.12 15.54 
4320 3.6159 3.3519 1.08 14.98 
4500 3.5002 3.3417 1.05 14.54 
4680 3.3542 3.4537 0.97 13.48 
4860 3.2376 3.3676 0.96 13.35 
5040 3.0831 3.2147 0.96 13.31 
5220 2.9804 3.2793 0.91 12.62 
5400 2.8564 3.3318 0.86 11.90 
5580 2.7333 3.4166 0.80 11.11 
5760 2.7933 3.3136 0.84 11.70 
5940 2.5864 3.4250 0.76 10.48 
208 
 
6120 2.4812 3.3361 0.74 10.32 
6300 2.2574 3.3781 0.67 9.28 
6480 2.2146 3.2961 0.67 9.33 
6660 2.1914 3.3608 0.65 9.05 
6840 2.1081 3.3906 0.62 8.63 
7020 2.0443 3.3932 0.60 8.36 
7200 1.9030 3.4652 0.55 7.62 
7380 1.9053 3.3145 0.57 7.98 
7560 1.7157 3.3792 0.51 7.05 
7740 1.7054 3.3686 0.51 7.03 
7920 1.5662 3.4303 0.46 6.34 
8100 1.6139 3.3246 0.49 6.74 
8280 1.4379 3.4595 0.42 5.77 
8460 1.4125 3.2371 0.44 6.06 
8640 1.3850 3.4174 0.41 5.63 
8820 1.3652 3.4873 0.39 5.43 
9000 1.2823 3.2674 0.39 5.45 
9180 1.1765 3.3085 0.36 4.94 
9360 1.2186 3.3468 0.36 5.05 
9540 1.1859 3.1666 0.37 5.20 
9720 1.0284 3.2469 0.32 4.40 
9900 0.9033 3.3670 0.27 3.72 
10080 0.9599 3.2883 0.29 4.05 
10260 0.8812 3.3292 0.26 3.67 
10440 0.8362 3.3713 0.25 3.44 
10620 0.7854 3.4938 0.22 3.12 
10800 0.9274 3.3673 0.28 3.82 
10980 0.7741 3.3715 0.23 3.19 
11160 0.6589 3.3781 0.20 2.71 
11340 0.6655 3.3838 0.20 2.73 
11520 0.6584 3.2523 0.20 2.81 
11700 0.5759 3.3703 0.17 2.37 
11880 0.6025 3.3830 0.18 2.47 
12060 0.6005 3.3554 0.18 2.48 
12240 0.5558 3.4188 0.16 2.26 
12420 0.4877 3.3760 0.14 2.01 
12600 0.4949 3.3586 0.15 2.05 
209 
 
12780 0.4247 3.3363 0.13 1.77 
12960 0.4436 3.3347 0.13 1.85 
13140 0.4055 3.3362 0.12 1.69 
13320 0.3487 3.3986 0.10 1.42 
13500 0.4739 3.2371 0.15 2.03 
13680 0.3897 3.3551 0.12 1.61 
13860 0.3445 3.4005 0.10 1.41 
14040 0.3786 3.3655 0.11 1.56 
14220 0.2577 3.2171 0.08 1.11 
14400 0.2721 3.4202 0.08 1.10 
14580 0.2826 3.3326 0.08 1.18 
14760 0.2653 3.3939 0.08 1.09 
14940 0.3041 3.2219 0.09 1.31 
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y = A1*exp(-x
/t1) + y0
Reduced 
Chi-Sqr
0.00294
Adj. R-Squar 0.99168
Value Standard Err
Pdcomplex y0 -0.1 0
Pdcomplex A1 2.25855 0.01877
Pdcomplex t1 6046.27 76.95234
 
 
 
Transmetalation of Arylpalladium Arylsilanolate Complex 24b  
Following General Procedure I, a mixture of 22 (12.7 mg, 0.0231 mmol, 1.0 equiv) was 
dissolved in toluene (0.3 mL), followed by addition of K+23b– (4.2 mg, 0.0219 mmol, 0.95 
equiv) and toluene (0.2 mL) to afford an orange solution. A solution of K+23b– (4.7 mg, 0.0242 
mmol, 1.05 equiv) in toluene (0.3 mL) was added to afford an orange solution.  The tube was 
placed into a NMR probe at room temperature and the reaction progress was monitored by 31P 
NMR spectroscopy.  kobs = 1.46 × 10
-4
 s
-1. 
 
 
 
210 
 
Time 
(s) 
Integral IS 
(21.8 ppm) 
Integral Pd 
complex  
(62.4 ppm) 
Normalized 
Integral 
Normalized 
(mM) 
0 6.5095 3.0321 2.15 28.78 
180 6.3985 2.9707 2.15 28.88 
360 6.1492 2.9430 2.09 28.01 
540 6.1301 2.9899 2.05 27.49 
720 6.1228 2.9437 2.08 27.88 
900 6.0181 2.9875 2.01 27.00 
1080 5.6721 3.0210 1.88 25.17 
1260 5.6502 3.0678 1.84 24.69 
1440 5.5658 3.1473 1.77 23.71 
1620 5.5013 3.1612 1.74 23.33 
1800 5.2604 3.1288 1.68 22.54 
1980 5.2344 3.0953 1.69 22.67 
2160 5.0769 3.0694 1.65 22.17 
2340 4.9494 3.0513 1.62 21.74 
2520 4.9347 3.0716 1.61 21.54 
2700 4.7094 2.9574 1.59 21.35 
2880 4.7075 3.0500 1.54 20.69 
3060 4.4901 2.9690 1.51 20.27 
3240 4.4883 3.0873 1.45 19.49 
3420 4.3405 3.0835 1.41 18.87 
3600 4.1442 3.1285 1.32 17.76 
3780 4.1644 3.0996 1.34 18.01 
3960 3.9177 3.1598 1.24 16.62 
4140 3.8760 3.2054 1.21 16.21 
4320 3.8176 3.2528 1.17 15.73 
4500 3.6882 3.1760 1.16 15.57 
4680 3.6606 2.9844 1.23 16.44 
4860 3.5696 2.9735 1.20 16.09 
5040 3.3825 2.9458 1.15 15.39 
5220 3.3208 2.9944 1.11 14.87 
5400 3.2292 3.0368 1.06 14.26 
5580 3.1537 3.0793 1.02 13.73 
5760 3.0067 3.1651 0.95 12.73 
5940 2.9667 3.2183 0.92 12.36 
211 
 
6120 2.8352 3.2272 0.88 11.78 
6300 2.7318 3.1839 0.86 11.50 
6480 2.7842 3.0851 0.90 12.10 
6660 2.5983 3.0731 0.85 11.33 
6840 2.5709 3.0660 0.84 11.24 
7020 2.5980 3.2165 0.81 10.83 
7200 2.3400 3.2155 0.73 9.76 
7380 2.3302 3.2159 0.72 9.71 
7560 2.1406 3.2325 0.66 8.88 
7740 2.1766 3.0961 0.70 9.42 
7920 2.0913 3.0807 0.68 9.10 
8100 1.9956 3.2032 0.62 8.35 
8280 1.9518 3.2567 0.60 8.03 
8460 1.9394 3.3170 0.58 7.84 
8640 1.7100 3.1840 0.54 7.20 
8820 1.8176 3.1147 0.58 7.82 
9000 1.6968 3.0943 0.55 7.35 
9180 1.7050 3.2425 0.53 7.05 
9360 1.6078 3.2543 0.49 6.62 
9540 1.4588 3.2773 0.45 5.97 
9720 1.5414 3.2609 0.47 6.34 
9900 1.5501 3.1191 0.50 6.66 
10080 1.3356 3.0343 0.44 5.90 
10260 1.4061 3.2469 0.43 5.81 
10440 1.1493 3.2579 0.35 4.73 
10620 1.1451 3.3176 0.35 4.63 
10800 1.1310 3.2031 0.35 4.73 
10980 1.1743 3.0541 0.38 5.15 
11160 0.9290 3.0402 0.31 4.10 
11340 1.0892 3.2051 0.34 4.56 
11520 1.0873 3.3241 0.33 4.38 
11700 0.8985 3.3433 0.27 3.60 
11880 0.9177 3.3202 0.28 3.71 
12060 0.8367 3.2753 0.26 3.42 
12240 0.7326 3.0324 0.24 3.24 
12420 0.8070 3.1003 0.26 3.49 
12600 0.6826 3.1838 0.21 2.87 
212 
 
12780 0.6570 3.2649 0.20 2.70 
12960 0.6520 3.2980 0.20 2.65 
13140 0.6730 3.2819 0.21 2.75 
13320 0.5577 3.2926 0.17 2.27 
13500 0.5658 3.2367 0.17 2.34 
13680 0.5951 3.2553 0.18 2.45 
13860 0.5561 3.1760 0.18 2.35 
14040 0.5071 3.1075 0.16 2.19 
14220 0.5659 3.0801 0.18 2.46 
14400 0.4626 3.0573 0.15 2.03 
14580 0.5159 3.0915 0.17 2.24 
14760 0.3891 3.1890 0.12 1.64 
14940 0.4410 3.3200 0.13 1.78 
15120 0.4983 3.2994 0.15 2.02 
15300 0.3931 3.1669 0.12 1.66 
15480 0.5308 3.1170 0.17 2.28 
15660 0.3767 3.2470 0.12 1.56 
15840 0.3645 3.2929 0.11 1.48 
16020 0.3605 3.3170 0.11 1.46 
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y = A1*exp(-x
/t1) + y0
Reduced 
Chi-Sqr
0.0027
Adj. R-Squar 0.99298
Value Standard Err
Pdcomplex y0 -0.1 0
Pdcomplex A1 2.38622 0.01705
Pdcomplex t1 6868.7593 76.07425
 
avg kobs = 1.55 × 10
-4
 ± 1.3 × 10
-5
 s
-1 
 
  
213 
 
Transmetalation of Arylpalladium Arylsilanolate Complex 24c  
 
Following General Procedure I, a mixture of 22 (12.7 mg, 0.0231 mmol, 1.0 equiv) was 
dissolved in toluene (0.3 mL), followed by addition of K+23c– (5.7 mg, 0.0221 mmol, 0.95 
equiv) and toluene (0.2 mL) to afford an orange solution. A solution of K+23c– (6.3 mg, 0.0244 
mmol, 1.05 equiv) in toluene (0.3 mL) was added to afford an orange solution.  The tube was 
placed into a NMR probe at room temperature and the reaction progress was monitored by 31P 
NMR spectroscopy.  kobs = 9.36 × 10
-5
 s
-1. 
 
Time 
(s) 
Integral IS 
(21.8 ppm) 
Integral Pd 
complex  
(62.4 ppm) 
Normalized 
Integral 
Normalized 
(mM) 
0 7.8721 3.0555 2.58 27.74 
180 7.9383 2.9603 2.68 28.88 
360 7.7854 3.0513 2.55 27.47 
540 7.8142 3.1314 2.50 26.87 
720 7.7521 3.1307 2.48 26.66 
900 7.6053 3.0285 2.51 27.04 
1080 7.5029 3.0735 2.44 26.29 
1260 7.4949 3.0147 2.49 26.77 
1440 7.4668 3.1372 2.38 25.63 
1620 7.3431 3.0604 2.40 25.84 
1800 7.3108 3.1485 2.32 25.00 
1980 7.1419 3.0593 2.33 25.14 
2160 7.0838 3.1240 2.27 24.42 
2340 6.9810 3.1309 2.23 24.01 
2520 7.0121 3.0830 2.27 24.49 
2700 6.9897 3.1319 2.23 24.03 
2880 6.7340 3.1417 2.14 23.08 
3060 6.6468 3.0206 2.20 23.69 
3240 6.7350 3.1002 2.17 23.39 
3420 6.5292 3.0713 2.13 22.89 
214 
 
3600 6.5067 3.1121 2.09 22.51 
3780 6.3556 3.0727 2.07 22.27 
3960 6.3373 3.1463 2.01 21.69 
4140 6.1795 3.0831 2.00 21.58 
4320 6.1083 3.0133 2.03 21.83 
4500 5.9905 3.0854 1.94 20.91 
4680 6.0249 3.1178 1.93 20.81 
4860 5.8895 3.1172 1.89 20.34 
5040 5.9134 3.1509 1.88 20.21 
5220 5.7955 3.1471 1.84 19.83 
5400 5.7439 3.1558 1.82 19.60 
5580 5.7077 3.0876 1.85 19.91 
5760 5.5617 3.1543 1.76 18.99 
5940 5.2990 3.0920 1.71 18.45 
6120 5.4485 3.1517 1.73 18.62 
6300 5.2649 3.1247 1.68 18.14 
6480 5.2886 3.1492 1.68 18.08 
6660 5.0159 3.0909 1.62 17.47 
6840 5.0380 3.1377 1.61 17.29 
7020 4.8441 3.1596 1.53 16.51 
7200 4.9046 3.1953 1.53 16.53 
7380 4.7652 3.0986 1.54 16.56 
7560 4.6909 3.0905 1.52 16.34 
7740 4.6253 3.0920 1.50 16.11 
7920 4.5752 3.1207 1.47 15.79 
8100 4.6016 3.1499 1.46 15.73 
8280 4.5048 3.1827 1.42 15.24 
8460 4.4022 3.1749 1.39 14.93 
8640 4.2953 3.1342 1.37 14.76 
8820 4.1844 3.1706 1.32 14.21 
9000 4.0538 3.1761 1.28 13.74 
9180 4.1227 3.1917 1.29 13.91 
9360 3.8701 3.1578 1.23 13.20 
9540 3.7747 3.1940 1.18 12.73 
9720 3.8674 3.1768 1.22 13.11 
9900 3.6334 3.1962 1.14 12.24 
10080 3.5326 3.1824 1.11 11.95 
215 
 
10260 3.5425 3.1855 1.11 11.97 
10440 3.3947 3.1551 1.08 11.59 
10620 3.4248 3.1907 1.07 11.56 
10800 3.3721 3.1948 1.06 11.37 
10980 3.2179 3.2321 1.00 10.72 
11160 3.1859 3.1664 1.01 10.83 
11340 3.2224 3.1479 1.02 11.02 
11520 3.0340 3.1803 0.95 10.27 
11700 2.9751 3.1648 0.94 10.12 
11880 2.8878 3.1238 0.92 9.95 
12060 2.8238 3.1811 0.89 9.56 
12240 2.7517 3.1954 0.86 9.27 
12420 2.6807 3.1988 0.84 9.02 
12600 2.7209 3.2099 0.85 9.13 
12780 2.6247 3.2218 0.81 8.77 
12960 2.5871 3.1780 0.81 8.77 
13140 2.5328 3.1749 0.80 8.59 
13320 2.4790 3.1773 0.78 8.40 
13500 2.5313 3.1565 0.80 8.63 
13680 2.3986 3.1474 0.76 8.21 
13860 2.3222 3.1523 0.74 7.93 
14040 2.2245 3.2150 0.69 7.45 
14220 2.1168 3.2435 0.65 7.03 
14400 2.1787 3.2663 0.67 7.18 
14580 2.0742 3.1667 0.66 7.05 
14760 2.0491 3.1844 0.64 6.93 
14940 1.9785 3.1024 0.64 6.87 
15120 1.9066 3.3020 0.58 6.22 
15300 1.9190 3.2120 0.60 6.43 
15480 1.9003 3.2782 0.58 6.24 
15660 1.8175 3.2363 0.56 6.05 
15840 1.7044 3.2451 0.53 5.66 
16020 1.6848 3.1392 0.54 5.78 
16200 1.6015 3.2058 0.50 5.38 
16380 1.6022 3.1392 0.51 5.50 
16560 1.4745 3.1027 0.48 5.12 
16740 1.4564 3.2008 0.46 4.90 
216 
 
16920 1.5049 3.2289 0.47 5.02 
17100 1.3741 3.1939 0.43 4.63 
17280 1.4066 3.2201 0.44 4.70 
17460 1.3350 3.2637 0.41 4.40 
17640 1.3743 3.2543 0.42 4.55 
17820 1.3877 3.2269 0.43 4.63 
18000 1.2434 3.2708 0.38 4.09 
18180 1.2230 3.2357 0.38 4.07 
18360 1.0311 3.2133 0.32 3.46 
18540 1.1743 3.2004 0.37 3.95 
18720 1.1822 3.1906 0.37 3.99 
18900 1.1646 3.2609 0.36 3.85 
19080 1.0988 3.2808 0.33 3.61 
19260 1.0284 3.2676 0.31 3.39 
19440 0.9755 3.1785 0.31 3.30 
19620 1.0166 3.2466 0.31 3.37 
19800 0.8554 3.1257 0.27 2.95 
19980 0.9221 3.1921 0.29 3.11 
20160 0.9172 3.2401 0.28 3.05 
20340 0.8124 3.2227 0.25 2.71 
20520 0.8528 3.1647 0.27 2.90 
20700 0.8480 3.2466 0.26 2.81 
20880 0.7776 3.2325 0.24 2.59 
21060 0.8461 3.1777 0.27 2.87 
21240 0.6301 3.2157 0.20 2.11 
21420 0.8215 3.3099 0.25 2.67 
21600 0.7458 3.2430 0.23 2.48 
21780 0.6950 3.2509 0.21 2.30 
21960 0.6495 3.2595 0.20 2.15 
22140 0.6167 3.2227 0.19 2.06 
22320 0.5277 3.1869 0.17 1.78 
22500 0.6218 3.2610 0.19 2.05 
22680 0.6353 3.2309 0.20 2.12 
22860 0.6021 3.2602 0.18 1.99 
23040 0.4281 3.2356 0.13 1.42 
23220 0.4280 3.2327 0.13 1.43 
23400 0.4461 3.1875 0.14 1.51 
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23580 0.5250 3.2874 0.16 1.72 
23760 0.4029 3.1996 0.13 1.36 
23940 0.4609 3.3202 0.14 1.49 
24120 0.4883 3.2902 0.15 1.60 
24300 0.3964 3.2386 0.12 1.32 
24480 0.3491 3.2364 0.11 1.16 
24660 0.3634 3.3041 0.11 1.18 
24840 0.3637 3.3161 0.11 1.18 
25020 0.3347 3.3498 0.10 1.08 
25200 0.2687 3.1882 0.08 0.91 
25380 0.3168 3.2749 0.10 1.04 
25560 0.2740 3.1953 0.09 0.92 
25740 0.2873 3.3514 0.09 0.92 
25920 0.2452 3.1646 0.08 0.83 
26100 0.0647 3.2389 0.02 0.22 
26280 0.2481 3.2620 0.08 0.82 
26460 0.1476 3.2087 0.05 0.50 
26640 0.1499 3.2502 0.05 0.50 
26820 0.1472 3.1313 0.05 0.51 
27000 0.2094 3.2282 0.06 0.70 
27180 0.1174 3.2484 0.04 0.39 
27360 0.1079 3.2749 0.03 0.35 
27540 0.0767 3.2178 0.02 0.26 
27720 0.1448 3.2249 0.04 0.48 
27900 0.2504 3.2915 0.08 0.82 
28080 0.0487 3.2500 0.01 0.16 
28260 0.0419 3.2507 0.01 0.14 
28440 0.0771 3.2513 0.02 0.26 
28620 0.0827 3.2765 0.03 0.27 
28800 0.0014 3.1654 0.00 0.00 
28980 0.2144 3.3048 0.06 0.70 
29160 0.0098 3.1825 0.00 0.03 
29340 0.1541 3.1516 0.05 0.53 
29520 0.0435 3.2581 0.01 0.14 
29700 0.0214 3.2540 0.01 0.07 
29880 0.0481 3.2455 0.01 0.16 
30060 0.0418 3.2292 0.01 0.14 
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Transmetalation of Arylpalladium Arylsilanolate Complex 24c  
Following General Procedure I, a mixture of 22 (12.7 mg, 0.0231 mmol, 1.0 equiv) was 
dissolved in toluene (0.3 mL), followed by addition of K+23c– (5.7 mg, 0.0221 mmol, 0.95 
equiv) and toluene (0.2 mL) to afford an orange solution. A solution of K+23c– (6.3 mg, 0.0244 
mmol, 1.05 equiv) in toluene (0.3 mL) was added to afford an orange solution.  The tube was 
placed into a NMR probe at room temperature and the reaction progress was monitored by 31P 
NMR spectroscopy.  kobs = 9.22 × 10
-5
 s
-1. 
 
Time 
(s) 
Integral IS 
(21.8 ppm) 
Integral Pd 
complex  
(62.4 ppm) 
Normalized 
Integral 
Normalized 
(mM) 
0 7.6368 2.7951 2.73 28.88 
180 7.7296 2.9964 2.58 27.26 
360 7.4803 2.9923 2.50 26.42 
540 7.3598 3.0425 2.42 25.57 
720 7.4105 3.0534 2.43 25.65 
900 7.4662 3.0853 2.42 25.57 
1080 7.2392 2.9949 2.42 25.55 
1260 7.2129 3.0783 2.34 24.76 
1440 7.0859 3.0213 2.35 24.79 
1620 7.0788 3.2168 2.20 23.26 
1800 7.0471 3.1718 2.22 23.48 
1980 6.9547 3.1416 2.21 23.40 
2160 6.7928 3.0707 2.21 23.38 
219 
 
2340 6.7804 3.0994 2.19 23.12 
2520 6.6617 3.1030 2.15 22.69 
2700 6.6706 3.1142 2.14 22.64 
2880 6.5763 3.0782 2.14 22.58 
3060 6.5011 3.2165 2.02 21.36 
3240 6.4818 3.1427 2.06 21.80 
3420 6.2876 3.0462 2.06 21.81 
3600 6.2132 3.2419 1.92 20.25 
3780 6.1444 3.1612 1.94 20.54 
3960 6.1583 3.1473 1.96 20.68 
4140 6.1244 3.1057 1.97 20.84 
4320 5.9008 3.1303 1.89 19.92 
4500 5.9142 3.1458 1.88 19.87 
4680 5.8672 3.0795 1.91 20.14 
4860 5.6564 3.1603 1.79 18.92 
5040 5.7202 3.1590 1.81 19.14 
5220 5.5726 3.1183 1.79 18.89 
5400 5.5379 3.1170 1.78 18.78 
5580 5.4212 3.1366 1.73 18.27 
5760 5.3926 3.1077 1.74 18.34 
5940 5.2279 3.1833 1.64 17.36 
6120 5.1793 3.1343 1.65 17.46 
6300 5.0384 3.1476 1.60 16.92 
6480 4.9659 3.1642 1.57 16.59 
6660 5.1065 3.2639 1.56 16.53 
6840 4.8541 3.1277 1.55 16.40 
7020 4.6845 3.1252 1.50 15.84 
7200 4.9334 3.1652 1.56 16.47 
7380 4.6936 3.1006 1.51 16.00 
7560 4.6097 3.2504 1.42 14.99 
7740 4.4827 3.1624 1.42 14.98 
7920 4.3542 3.1094 1.40 14.80 
8100 4.5271 3.2547 1.39 14.70 
8280 4.2763 3.2772 1.30 13.79 
8460 4.3327 3.2090 1.35 14.27 
8640 4.3312 3.3611 1.29 13.62 
8820 3.9468 3.1523 1.25 13.23 
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9000 3.9726 3.1037 1.28 13.53 
9180 3.9927 3.2117 1.24 13.14 
9360 4.0864 3.2927 1.24 13.12 
9540 3.7289 3.1627 1.18 12.46 
9720 3.7986 3.1647 1.20 12.69 
9900 3.6959 3.1720 1.17 12.31 
10080 3.6190 3.2779 1.10 11.67 
10260 3.5463 3.2849 1.08 11.41 
10440 3.5384 3.2398 1.09 11.54 
10620 3.4272 3.2661 1.05 11.09 
10800 3.2696 3.1567 1.04 10.95 
10980 3.2511 3.3275 0.98 10.33 
11160 3.2508 3.2328 1.01 10.63 
11340 3.1252 3.0650 1.02 10.78 
11520 2.8534 3.0912 0.92 9.76 
11700 3.0957 3.2591 0.95 10.04 
11880 2.9837 3.3066 0.90 9.54 
12060 2.7331 3.2454 0.84 8.90 
12240 2.6852 3.2423 0.83 8.75 
12420 2.9082 3.2535 0.89 9.45 
12600 2.6655 3.2429 0.82 8.69 
12780 2.5889 3.2549 0.80 8.41 
12960 2.6109 3.2979 0.79 8.37 
13140 2.4422 3.3461 0.73 7.71 
13320 2.3509 3.3204 0.71 7.48 
13500 2.3316 3.2697 0.71 7.54 
13680 2.4749 3.2437 0.76 8.06 
13860 2.2766 3.2248 0.71 7.46 
14040 2.2106 3.2460 0.68 7.20 
14220 2.1448 3.2490 0.66 6.98 
14400 2.2145 3.3701 0.66 6.94 
14580 1.8849 3.2326 0.58 6.16 
14760 2.0277 3.3233 0.61 6.45 
14940 2.1975 3.2729 0.67 7.10 
15120 1.9445 3.2463 0.60 6.33 
15300 1.9847 3.4174 0.58 6.14 
15480 1.8438 3.2115 0.57 6.07 
221 
 
15660 1.8806 3.3443 0.56 5.94 
15840 1.7730 3.2353 0.55 5.79 
16020 1.7262 3.2805 0.53 5.56 
16200 1.6289 3.3240 0.49 5.18 
16380 1.6419 3.2538 0.50 5.33 
16560 1.6003 3.2021 0.50 5.28 
16740 1.5696 3.3069 0.47 5.02 
16920 1.5288 3.3398 0.46 4.84 
17100 1.3977 3.2238 0.43 4.58 
17280 1.4376 3.3516 0.43 4.53 
17460 1.3794 3.3137 0.42 4.40 
17640 1.4604 3.3579 0.43 4.60 
17820 1.3693 3.2978 0.42 4.39 
18000 1.3602 3.2476 0.42 4.43 
18180 1.1431 3.2607 0.35 3.70 
18360 1.2291 3.3610 0.37 3.87 
18540 1.2771 3.2770 0.39 4.12 
18720 1.3021 3.2763 0.40 4.20 
18900 1.1599 3.3212 0.35 3.69 
19080 1.1477 3.4219 0.34 3.54 
19260 0.9774 3.2894 0.30 3.14 
19440 0.9074 3.2512 0.28 2.95 
19620 0.9992 3.3324 0.30 3.17 
19800 0.8801 3.3065 0.27 2.81 
19980 1.0234 3.3290 0.31 3.25 
20160 1.0124 3.3338 0.30 3.21 
20340 1.0040 3.2573 0.31 3.26 
20520 1.0093 3.3605 0.30 3.17 
20700 0.8655 3.2997 0.26 2.77 
20880 0.8252 3.2306 0.26 2.70 
21060 0.8708 3.4127 0.26 2.70 
21240 0.7949 3.4045 0.23 2.47 
21420 0.8257 3.3429 0.25 2.61 
21600 0.7657 3.1702 0.24 2.55 
21780 0.8047 3.3494 0.24 2.54 
21960 0.7315 3.2907 0.22 2.35 
22140 0.6391 3.3096 0.19 2.04 
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22320 0.5696 3.3060 0.17 1.82 
22500 0.7088 3.3280 0.21 2.25 
22680 0.6309 3.2594 0.19 2.05 
22860 0.5734 3.4410 0.17 1.76 
23040 0.4988 3.2176 0.16 1.64 
23220 0.3846 3.2395 0.12 1.25 
23400 0.5758 3.3994 0.17 1.79 
23580 0.5923 3.3595 0.18 1.86 
23760 0.4287 3.2910 0.13 1.38 
23940 0.3680 3.3091 0.11 1.18 
24120 0.6500 3.4215 0.19 2.01 
24300 0.4625 3.3320 0.14 1.47 
24480 0.4329 3.3941 0.13 1.35 
24660 0.3936 3.3188 0.12 1.25 
24840 0.3494 3.4283 0.10 1.08 
25020 0.3512 3.3092 0.11 1.12 
25200 0.3862 3.2525 0.12 1.25 
25380 0.3350 3.2817 0.10 1.08 
25560 0.2462 3.3045 0.07 0.79 
25740 0.3685 3.4175 0.11 1.14 
25920 0.3681 3.3799 0.11 1.15 
26100 0.2834 3.3973 0.08 0.88 
26280 0.3631 3.3437 0.11 1.15 
26460 0.1235 3.2543 0.04 0.40 
26640 0.3317 3.4536 0.10 1.01 
26820 0.2560 3.2747 0.08 0.83 
27000 0.3937 3.4560 0.11 1.20 
27180 0.1652 3.3138 0.05 0.53 
27360 0.1848 3.3464 0.06 0.58 
27540 0.0771 3.2862 0.02 0.25 
27720 0.0771 3.3274 0.02 0.24 
27900 0.1099 3.2637 0.03 0.36 
28080 0.0204 3.2403 0.01 0.07 
28260 0.0239 3.2346 0.01 0.08 
28440 0.0180 3.3477 0.01 0.06 
28620 0.1089 3.3391 0.03 0.34 
28800 0.0802 3.3557 0.02 0.25 
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28980 0.2721 3.5008 0.08 0.82 
29160 0.0058 3.2651 0.00 0.02 
29340 0.0625 3.3053 0.02 0.20 
29520 0.0280 3.3942 0.01 0.09 
29700 0.0141 3.2962 0.00 0.05 
29880 0.1538 3.5416 0.04 0.46 
30060 0.0082 3.4741 0.00 0.02 
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Pdcomplex y0 -0.1 0
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avg kobs = 9.29 × 10
-5
 ± 9.9 × 10
-7
 s
-1. 
 
 
4.2.5 General Procedure II:  Spectroscopic Identification of Arylpalladium(II) 
Arylsilanolate Complexes 4. 
(tert-Butylphosphine)(4-fluoromethoxyphenyl)[1-(4-butoxyphenyl)-1,1’-
dimethylsilanolato]palladium (24a)  
 
 In a drybox, an oven-dried, 3-mL vial was charged with 22 (40.0 mg, 0.0728 mmol, 1.0 
equiv) and CD2Cl2 (0.4 mL) resulting in an orange solution upon vigorous mixing using a 
magnetic stir bar.  Then, K+23a– (18.7 mg, 0.0714 mmol, 0.98 equiv) was added as a solid and 
the sides of the tube were rinsed with CD2Cl2 (0.3 mL). The mixture was vigorously mixed 
(Vortex) ca. 5 min to ensure complete dissolution was observed.  As the mixture stirred, a 
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precipitate formed on the sides of the vial.  The supernatant solution was transferred into an 
oven-dried, 5 mM NMR tube using a 25 G needle to ensure none of the precipitate was 
transferred.  The tube was sealed with a septum and wrapped with Parafilm to exclude any 
oxygen or moisture. The sample was analyzed by 1H, 19F, and 31P NMR spectroscopy at room 
temperature then cooled to -30 °C for 13C NMR analysis. 
 
Data for 24a:256  
1H NMR:      (500 MHz, CD2Cl2) 
  7.46 (br s, 2 H), 7.27 (br s, 2 H), 6.80 (br s, 4 H), 3.95 (app d, 2 H, J = 6.0 Hz), 
3.22 (app d, 2 H, J = 3.2 Hz), 1.46 (app d, 2 H, J = 10.5 Hz), 1.37 (d, 27 H, JPH = 
11.5 Hz), 0.96 (app d, 3 H, J = 6.5 Hz), -0.05 (s, 6 H)  
13C NMR:261 (126 MHz, CD2Cl2) 
  159.0, 146.1, 136.8, 134.6, 132.5, 120.4 (q, JCF = 256 Hz), 119.1, 113.1, 67.1, 
39.4 (d, JCP = 12.7 Hz), 31.4, 31.3, 19.3, 13.9, 2.1 
 19F NMR: (470 MHz, CD2Cl2) 
  -59.0 
31P NMR:  (202 MHz, CD2Cl2) 
  65.4 
 
(tert-Butylphosphine)(4-fluoromethoxyphenyl)[1-phenyl-1,1’-dimethylsilanolato]palladium 
(24b) [TC-11-88] 
 
 Following General Procedure II, 22 (29.8 mg, 0.0542 mmol, 1.0 equiv) was dissolved in 
d2-methylene chloride (0.4 mL), followed by the addition of K
+
23b
– (10.1 mg, 0.0530 mmol, 
0.98 equiv) and d2-methylene chloride (0.3 mL) to afford an orange solution.  The sample was 
analyzed by 1H, 19F, and 31P NMR spectroscopy at room temperature then cooled to -30 °C for 
13C NMR analysis. 
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Data for 24b:260  
1H NMR:      (500 MHz, CD2Cl2) 
  7.57 (br s, 2 H), 7.26 (br s, 5 H), 6.79 (br s, 2 H), 1.30 (d, 27 H, JPH = 11.5 Hz), -
0.07 (s, 6 H)  
 13C NMR: (126 MHz, CD2Cl2) 
  145.7, 136.3, 132.8, 131.9, 127.4, 126.7, 120.0 (d, JCF = 256 Hz), 118.7, 39.0 (d, 
JCP = 12.7 Hz), 30.9, 1.4 
 19F NMR: (470 MHz, CD2Cl2) 
  -59.0 
31P NMR:  (202 MHz, CD2Cl2) 
  65.4 
 
 
(tert-Butylphosphine)(4-fluoromethoxyphenyl)[1-(4-trifluoromethylphenyl)-1,1’-
dimethylsilanolato]palladium (24c) [TC-11-100] 
 
 
 Following General Procedure II, 22 (30.0 mg, 0.0546 mmol, 1.0 equiv) was dissolved in 
d2-methylene chloride (0.4 mL), followed by the addition of K
+
23c
– (13.9 mg, 0.0538 mmol, 
0.98 equiv) and d2-methylene chloride (0.3 mL) to afford an orange solution.  The sample was 
analyzed by 1H, 19F, and 31P NMR spectroscopy at room temperature then cooled to -30 °C for 
13C NMR analysis. 
 
Data for 24c:260  
1H NMR:      (500 MHz, CD2Cl2) 
  7.65 (d, 2 H, J = 6.5 Hz), 7.50 (d, 2 H, J = 7.0 Hz), 7.19 (d, 2 H, J = 7.0 Hz), 6.77 
(d, 2 H, J = 7.0 Hz), 1.28 (d, 27 H, JPH = 12.0 Hz), -0.02 (s, 6 H)  
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13C NMR:261 (126 MHz, CD2Cl2) 
  151.5, 146.4, 136.8, 133.6, 132.0, 129.3 (q, JCF = 30.3 Hz), 123.7, 120.6 (q, JCF = 
255 Hz), 39.6, 31.5, 1.8 
 19F NMR: (470 MHz, CD2Cl2) 
  -59.0, -63.4 
31P NMR:  (202 MHz, CD2Cl2) 
  65.7 
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4.3 Procedures for Chapter 3 
4.3.1 General Experimental 
All reactions were performed in oven (110 °C) and/or flame dried glassware under an 
atmosphere of dry argon, unless noted. Reaction solvents THF (Fisher, HPLC grade) and Et2O 
(Fisher, BHT stabilized ACS grade), CH2Cl2 (Fisher, unstabilized HPLC grade) were dried by 
percolation through two columns packed with neutral alumina under a positive pressure of argon. 
Hexanes (Fisher, OPTIMA grade) and toluene (Fisher, ACS grade) were dried by percolation 
through a column packed with neutral alumina and a column packed with Q5 reactant, a 
supported copper catalyst for scavenging oxygen, under a positive pressure of argon. 1,4-
Dioxane was distilled over sodium. Methanol was distilled over magnesium. TBME, pyridine 
and triethylamine were distilled over CaH2. Solvents for filtration and chromatography were 
certified ACS grade. “Brine” refers to a saturated solution of sodium chloride. All reaction 
temperatures correspond to internal temperatures measured with Teflon coated thermocouples 
unless otherwise noted.  
Analytical supercritical fluid chromatography (CSP-SFC) was performed on an Aurora 
A5 SFC Instruments SFC with spectrophotometric detector (220 nm) using Daicel Chiralpak 
OD, OJ, OB and AD columns as well as a Regis Whelk-O1 column. Optical rotations were 
measured using a Jasco DIP-360 digital polarimeter in ACS reagent grade CHCl3 containing 
approximately 0.75% EtOH as a preservative or HPLC grade acetone and are reported as 
follows: concentration (c = g/dL), and solvent. 1H and 13C NMR spectra were recorded on a 
Varian Unity 500 (500 MHz, 1H; 126 MHz, 13C) or a Varian VXR (500 MHz, 1H; 126 MHz, 13C) 
spectrometer. Spectra were referenced to residual chloroform (7.26 ppm, 1H; 77.0 ppm, 13C) or 
residue C6D5H (7.16, 
1H; 128.0 ppm, 13C). Deuterated chloroform was passed through basic 
alumina prior to use. Chemical shifts are reported in ppm, multiplicities are indicated by s 
(singlet), d (doublet), t (triplet), q (quartet), p (pentet), h (hextet), m (multiplet) and br (broad). 
Coupling constants, J, are reported in Hertz. Assignments are corroborated by 2D experiments 
(COSY, HETCOR, HMBC, HMQC). Mass Spectrometry was performed by the University of 
Illinois Mass Spectrometer Center. Electron Impact (EI) spectra were performed on a Finnegan-
MAT C5 spectrometer. Data are reported in the form of m/z (intensity relative to the base peak = 
100). Infrared spectra (IR) were recorded on a Perkin Elmer Spectrum BX spectrophotometer on 
a NaCl plate. Peaks are reported in cm-1 with indicated relative intensities: s (strong, 67-100%); 
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m (medium, 34-66%), w (weak, 0-33%). Kugelrohr distillations were performed on a Büchi 
GKR-50 Kugelrohr and boiling points correspond to uncorrected air bath temperatures (ABT). 
Melting points were obtained in a vacuum-sealed capillary tube using a Thomas Hoover melting 
point apparatus and are corrected. Analytical thin-layer chromatography was performed on 
Merck silica gel plates with QF-254 indicator. Visualization was accomplished with UV (254). 
Column chromatography was performed using 230-400 mesh silica gel purchased from Silicycle. 
4-Bromoanisole (Aldrich), 1-bromo-3,5-dimethylbenzene (Aldrich), 2-bromotoluene (Aldrich), 
1-bromo-3,5-bis(trifluoromethyl)benzene (Aldrich) and 1-bromonaphthalene (Aldrich) and (−)-
sparteine (Aldrich) were distilled over CaH2. Methanesulfonyl chloride (Aldrich) was distilled 
over P2O5. Trifluoroacetic acid (Aldrich) and dimethylchlorosilane (Gelest) was distilled. 2-
Bromonaphthalene (Oakwood) was recrystallized. Zinc powder (Aldrich) was washed with 
diluted HCl.262 KH (Aldrich, 30% in mineral oil) was washed repeatedly with hexanes and dried 
in vacuo prior to use. n-Butyllithium (Aldrich) was titrated by the method of Gilman.234 The 
concentration of s-Butyllithium (Aldrich) was determined by No-D NMR method.263 Sodium 
(Aldrich, in mineral oil) was washed with dry hexanes prior to use. 1-Bromo-2-
methylnaphthalene was purified according to literature method.90 Racemic N-Boc-(R)-2-
arylpyrrolidines were prepared according to the method described by Campos et. al.261 and were 
used to establish separation conditions on CSP-SFC. 2-Bromo-5-methythiophene was prepared 
by lithiation of 2-methylthiophene and using cyanogen bromide as bromonium source. Sodium 
triacetoxyborohydride (Aldrich), benzoyl chloride (Aldrich), dimethylaminopyridine (Aldrich), 
Dess-Martin periodinane (Aldrich), (R)-(−)-α-Methoxy-α-(trifluoromethyl)phenylacetyl chloride 
(Aldrich), (R,R)-bis(α-methyl)benzylamine (Aldrich), borane dimethyl sulfide (Aldrich), sodium 
borohydride (Aldrich), anhydrous hydrazine (Aldrich), aqueous glyoxal solution (Aldrich, 40% 
w/w), zinc chloride solution (Aldrich, 1 M in Et2O), iodotrimethylsilane (Aldrich), diisobutyl 
aluminum hydride (Aldrich), 3,5-dinitrobenzoyl chloride (Aldrich), [(COD)IrCl]2 (Strem), tin(II) 
chloride (Strem), palladium(II) acetate (Strem), nitrosonium tetrafluoroborate (Alfa-Aesar), were 
used as received. 
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4.3.2 Literature Preparations 
Potassium 1-naphthydimethylsilanoate256, ligand 50e122, 1-bromo-2-
methoxynaphthalene265, N,N'-(ethane-1,2-diylidene)bis-(piperidin-1-amine)266, (S)-(−)-α,α-
diphenyl-2-pyrrolidinemethanol267, t-Bu3P-HBF4
268, [allylPdCl]2
269,270, (MeCN)2PdCl2
271, 1-
bromo-3,5-diphenylbenzene262, 1,4-bis(4-methoxyphenyl)butane-1,4-dione,273 1,4-bis(4-
trifluoromethylphenyl)butane-1,4-dione,273 1,4-bis(4-tert-butylphenyl)butane-1,4-dione,274 1,4-
bis(3,5-bis(trifluoromethyl)phenyl)butane-1,4-dione275  and 1,4-dicyclohexylbutane-1,4-dione154 
were prepared according to literature procedure. 
 
 
4.3.3 General Procedure I: Asymmetric Reduction of 1,4-Diaryl-1,4-butanedione Using 
Borane Dimethylsulfide in the Presence of Methylborate Complex of (S)-(−)-α,α-
Diphenyl-2-pyrrolidinemethanol (Table 16)
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 To an oven-dried Schlenk reaction flask equipped with a stir bar and a septum was added 
borane and methylborate complex of (S)-(−)-α,α-diphenyl-2-pyrrolidinemethanol (0.2 equiv), 
THF and borane dimethylsulfide (2 equiv) under argon. A solution of 1,4-diarylbutane-1,4-dione  
(1 equiv) in THF was added by a syringe pump (0.5 mmol/h) at room temperature. After 
complete addition of the diketone, stirring was continued for 1 to 4 h. The reaction was quenched 
with MeOH and the mixture was stirred until no bubbling was observed (5 – 10 min). The 
volatiles were evaporated and the crude product was purified by column chromatography to 
provide 1,4-diarylbutane-1,4-diol. The diastereomeric and enantiomeric purities were analyzed 
by CSP-SFC analysis. 
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(1R,4R)-1,4-Bis(4-methoxyphenyl)butane-1,4-diol (53a) (entry 1) [TC-14-6] 
 
 Following General Procedure I, a mixture of catalyst (7.8 mg, 26 µmol, 0.17 equiv), THF 
(0.16 mL), borane-dimethylsulfide (28.5 µL, 0.3 mmol, 2 equiv), a solution of 1,4-bis(4-
methoxyphenyl)butane-1,4-dione  (45 mg, 0.15 mmol, 1 equiv) in THF (3 mL) were combined in 
a 5 mL Schlenk reaction flask. Within 4 h, TLC showed complete consumption of the diketone. 
reaction was quenched with MeOH (1.5 mL) and stirred for 5 min. Purification by column 
chromatography (SiO2, 1 × 8 cm, petroleum ether/EtOAc, gradient elution, 65/35, 50/50, then 
0/100) afforded 36 mg (82%) of 53a as a white solid. The spectroscopic data matched those from 
the literature.135 
 
Data for 53a: 
 1H NMR:      (500 MHz, CDCl3)   
7.25 (d, J = 8.5 Hz, 4 H), 6.87 (d, J = 8.5 Hz, 4 H), 4.73 – 4.64 (m, 2 H), 3.80 (s, 
6 H), 1.90 – 1.70 (m, 4 H). 
 TLC: Rf  0.13 (EtOAc/petroleum ether, 35/65) [silica gel, p-Anisaldehyde] 
 SFC: (S,S)-53a, tR 20.5 min (0.4); meso-53a, tR 25.8 min (22.1%); (R,R)-53a, 29.0 min 
(77.5%) 
  (Chiralpak AD, 200 bar, 2 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 
°C) 
 
(1R,4R)-1,4-Bis(4-(tert-butyl)phenyl)butane-1,4-diol (53b) (entry 2) [TC-14-57] 
 
 Following General Procedure I, a mixture of catalyst (6.2 mg, 20 µmol, 0.2 equiv), THF 
(0.25 mL), borane-dimethylsulfide (19 µL, 0.2 mmol, 2 equiv), a solution of 1,4-bis(4-tert-
butylphenyl)butane-1,4-dione  (35 mg, 0.1 mmol, 1 equiv) in THF (0.75 mL) were combined in a 
5 mL Schlenk reaction flask. After 1 h, reaction was quenched with MeOH (1.5 mL) and stirred 
for 5 min then concentrated. Purification by column chromatography (SiO2, 1 × 8.5 cm, 
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petroleum ether/EtOAc, gradient elution, 65/35) afforded 29 mg (83%) of 53b as a white solid. 
The spectroscopic data matched those from the literature.124 
 
Data for 53b: 
 1H NMR:      (500 MHz, CDCl3)   
7.36 (d, J = 8.4 Hz, 4 H), 7.27 (d, J = 8.4 Hz, 4 H), 4.75 – 4.67 (m, 2 H), 2.37 (br 
s, 2 H), 1.99 – 1.79 (m, 4 H), 1.31 (s, 18 H). 
 TLC: Rf  0.22 (EtOAc/petroleum ether, 35/65) [silica gel, CAM] 
 SFC: (S,S)-53b, tR 3.3 min (below detection limit); meso-53b, tR 4.2 min (20%); (R,R)-
53b, 5.6 min (80%) 
  (Chiralpak OB, 200 bar, 2 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 
°C) 
 
(1R,4R)-1,4-Bis(4-(trifluoromethyl)phenyl)butane-1,4-diol (53c) (entry 3) [TC-14-32] 
 
 Following General Procedure I, a mixture of catalyst (6.2 mg, 20 µmol, 0.2 equiv), THF 
(0.25 mL), borane dimethylsulfide (19 µL, 0.2 mmol, 2 equiv), a solution of 1,4-bis(4-
trifluoromethylphenyl)butane-1,4-dione  (37 mg, 0.1 mmol, 1 equiv) in THF (0.75 mL) were 
combined in a 5 mL Schlenk reaction flask. After 4 h, the reaction was quenched with MeOH (2 
mL) and stirred for 5 min then concentrated. Purification by column chromatography (SiO2, 1 × 
8 cm, petroleum ether/EtOAc, gradient elution, 65/35, 50/50, then 0/100) afforded 32 mg (85%) 
of 53c as a white solid.  
 
Data for 53c: 
 1H NMR:      (500 MHz, CDCl3)   
7.60 (d, J = 8.2 Hz, 4 H), 7.45 (d, J = 8.1 Hz, 4 H), 4.82 (app br s, 2 H), 2.78 (d, J 
= 2.9 Hz, 2 H), 1.95 – 1.82 (m, 2 H, H2C(1)). 
 TLC: Rf  0.30 (EtOAc/petroleum ether, 1/1) [silica gel, CAM] 
232 
 
 SFC: (S,S)-53c, tR 9.2 min (below detection limit); (R,R)-53c, tR 10.2 min (84%); meso-
53c, 11.7 min (26%) 
  (Chiralpak AD, 200 bar, 3 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
(1R,4R)-1,4-Bis(3,5-bis(trifluoromethyl)phenyl)butane-1,4-diol (53d) (entry 4) [TC-14-22] 
 
 To an oven-dried, 5 mL, one-necked, round-bottom flask equipped with a stir-bar, and an 
argon inlet adaptor with a septum, was added (S)-(−)-α,α-diphenyl-2-pyrrolidinemethanol (8.7 
mg, 34 µmol, 0.17 equiv). After two cycles of evacuation/argon fill, THF (0.22 mL) and 
trimethyl borate (5.0 µL, 44 µmol, 0.22 equiv) were added. The colorless solution was stirred at 
room temperature for 1 h and borane dimethylsulfide (41 µL, 0.42 mmol, 2 equiv) was added. A 
solution of 1,4-bis(3,5-bis(trifluoromethyl)phenyl)butane-1,4-dione  (102 mg, 0.2 mmol, 1 
equiv) in THF (1 mL) was added at a rate of 0.5 mmol/h and stirring was continued at 22 °C for 
1 h (the diketone was not consumed). The reaction was cooled to 0 °C and quenched slowly with 
HCl (1 M, 1.5 mL). The aqueous phase was extracted with EtOAc (5 mL × 3), dried over 
Na2SO4, filtered and concentrated. Purification by column chromatography (SiO2, 3 × 10 cm, 
CH2Cl2, then hexane/EtOAc, 1/1) afforded 48 mg (47%) of 53d as a white solid. The 
diastereomeric and enantiomeric purities were analyzed through dibenzoate derivative. 
 
Data for 53d: 
 1H NMR:      (500 MHz, CD3OD)   
7.92 (s, 4 H, HC(4)), 7.82 (s, 2 H, HC(6)), 4.91 – 2.83 (m, 2 H, HC(2)), 1.87 – 
1.78 (m, 4 H, H2C(1)). 
 TLC: Rf  0.57 (hexane/EtOAc, 1/1) [silica gel, KMnO4] 
 SFC: (S,S)-53d, tR 4.5 min (9%); meso-53d, tR 5.5 min (27%); (R,R)-53d, 6.6 min 
(64%) 
  ((R,R)-Whelk-O1, 200 bar, 2% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
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4.3.4 General Procedure II: Asymmetric Reduction of 1,4-Diaryl-1,4-butanedione Using 
Sodium Borohydride and Tin(II) Chloride in the Presence of (S)-(−)-α,α-Diphenyl-2-
pyrrolidinemethanol (Table 17)
135
 
Aryl
O
Aryl
O
Aryl
OH
Aryl
OH
N
H OH
Ph
Ph
SnCl2 (1.2 equiv)
NaBH4 (2.4 equiv)
(0.2 equiv)
(slow addition)
THF, reflux
 
 To an oven-dried, one-necked, round-bottom flask equipped with a stir bar, a short 
reflux-condenser, and an argon inlet adaptor with a septum, was added NaBH4 (2.4 equiv). After 
purging the flask with argon, THF was added. Under a positive argon pressure and with rapid 
stirring, the septum was removed temporarily to allow the addition of SnCl2 (1.2 equiv), 
immediately resulting in gas evolution and the formation of grey mixture. After stirring at room 
temperature for 1 h, (S)-(−)-α,α-diphenyl-2-pyrrolidinemethanol (0.2 equiv) was added. The 
mixture was heated at reflux for 0.5 h, and a solution of 1,4-diaryl-1,4-butanedione (1 equiv) in 
THF was added by a syringe pump (0.5 mmol/h) under mild reflux. After complete addition of 
diketone, the reaction was stirred for another 10 min. The reaction was cooled to room 
temperature and then quenched with MeOH at 0 °C. After bubbling has subsided, ice/water bath 
was removed, and stirring was continued at room temperature for 10 min. The grey solid was 
removed by filtration through a pad of Celite (2 cm deep, medium-porosity fritted funnel), eluted 
with Et2O or EtOAc, concentrated to give the crude product. Purification by column 
chromatography, recrystallization or trituration provided 1,4-diarylbutane-1,4-diol. The 
diastereomeric and enantiomeric purities were analyzed by CSP-SFC analysis.  
 
 (1R,4R)-1,4-Bis(4-methoxyphenyl)butane-1,4-diol (53a) (entry 1) [TC-14-9] 
 
 Following General Procedure II, a mixture of NaBH4 (188 mg, 5.0 mmol, 2.4 equiv), 
THF (21 mL), SnCl2 (472 mg, 2.5 mmol, 1.2 equiv), (S)-(−)-α,α-diphenyl-2-pyrrolidinemethanol 
(106 mg, 0.41 mmol, 0.2 equiv) and a solution of 1,4-bis(4-methoxyphenyl)butane-1,4-dione  
(622 mg, 2.1 mmol, 1 equiv) in THF (41 mL) were combined in a 250 mL round-bottom flask 
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equipped with a short reflux condenser.  After complete addition of the diketone (0.5 mmol/h) at 
mild reflux, stirring was continued for 35 min. The reaction was cooled to 0 °C and quenched 
with MeOH (40 mL). The mixture was filtered, concentrated to give a white solid. Trituration of 
this solid with CH2Cl2 (~4 mL) followed by addition of hexanes (~15 mL) and filtration afforded 
435 mg (69%) of 53a as a white solid. The spectroscopic data matched those from the 
literature.135 
 
Data for 53a: 
 1H NMR:      (500 MHz, CDCl3)   
7.25 (d, J = 8.5 Hz, 4 H), 6.87 (d, J = 8.5 Hz, 4 H), 4.73 – 4.64 (m, 2 H), 3.80 (s, 
6 H), 1.90 – 1.70 (m, 4 H). 
 TLC: Rf  0.13 (EtOAc/petroleum ether, 35/65) [silica gel, p-Anisaldehyde] 
 SFC: Before trituration:  
  (S,S)-53a, tR 20.5 min (below detection limit); meso-53a, tR 25.8 min (7%); (R,R)-
53a, 29.0 min (93%) 
  After trituration: 
  (S,S)-53a, tR 20.5 min (below detection limit); meso-53a, tR 25.8 min (1%); (R,R)-
53a, 29.0 min (99%) 
  (Chiralpak AD, 200 bar, 2 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 
°C) 
 
(1R,4R)-1,4-Bis(4-(tert-butyl)phenyl)butane-1,4-diol (53b) (entry 2) [TC-14-60] 
 
 Following General Procedure II, a mixture of NaBH4 (182 mg, 4.8 mmol, 2.4 equiv), 
THF (20 mL), SnCl2 (455 mg, 2.4 mmol, 1.2 equiv), (S)-(−)-α,α-diphenyl-2-pyrrolidinemethanol 
(101 mg, 0.4 mmol, 0.2 equiv) and a solution of 1,4-bis(4-tert-butylphenyl)butane-1,4-dione 
(703 mg, 2 mmol, 1 equiv) in THF (15 mL) were combined in a 100 mL round-bottom flask 
equipped with a short reflux condenser.  After complete addition of the diketone (0.5 mmol/h) at 
mild reflux, stirring was continued for 30 min. The reaction was cooled to 0 °C and quenched 
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with MeOH (30 mL). The mixture was filtered, concentrated and purified by column 
chromatography (SiO2, 4 × 11 cm, petroleum ether/EtOAc, gradient elution, 65/35) to afford 651 
mg (92%) of 53b as a white solid. Recrystallization from hexane/CH2Cl2 (2.5/1) afforded 350 
mg (49%) of 53b as a white solid. The spectroscopic data matched those from the literature.124 
 
Data for 53b: 
 1H NMR:      (500 MHz, CDCl3)   
7.36 (d, J = 8.4 Hz, 4 H), 7.27 (d, J = 8.4 Hz, 4 H), 4.75 – 4.67 (m, 2 H), 2.37 (br 
s, 2 H), 1.99 – 1.79 (m, 4 H), 1.31 (s, 18 H). 
 TLC: Rf  0.22 (EtOAc/petroleum ether, 35/65) [silica gel, CAM] 
 SFC: Before recrystallization: 
  (S,S)-53b, tR 5.2 min (1%); meso-53b, tR 7.1 min (10%); (R,R)-53b, 9.8 min 
(89%) 
  After recrystallization: 
  (S,S)-53b, tR 5.2 min (below detection limit); meso-53b, tR 7.1 min (13%); (R,R)-
53b, 9.8 min (87%) 
  (Chiralpak OB, 200 bar, 2 mg/mL, 7.5% MeOH in CO2, 2 mL/min, 220 nm, 40 
°C) 
 
 
4.3.5 Preparation of (2S,5S)-Diarylpyrrolidine-Based Bis-hydrazone Ligand by the 
Corey-Itsuno Reduction Route 
 (1R, 4R)-1,4-Bis(4-(trifluoromethyl)phenyl)butane-1,4-diol (53c) [TC-22-8] 
 
 To an oven-dried, 100 mL, one-necked, round-bottom flask equipped with a stir bar, a 
short reflux-condenser, and an argon inlet adaptor with a septum, was added sodium borohydride 
(182 mg, 4.8 mmol, 2.4 equiv). After three cycles of evacuation/argon fill, THF (18 mL) was 
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added. Under a positive argon pressure and with rapid stirring, the septum was removed 
temporarily to allow the addition of tin(II) chloride (457 mg, 2.4 mmol, 1.2 equiv), immediately 
resulting in gas evolution and the formation of grey mixture. Additional THF (2 mL) was added 
to rinse all the reagents down the wall of the condenser. After stirring at room temperature for 1 
h, (S)-(−)-α,α-diphenyl-2-pyrrolidinemethanol (103 mg, 0.4 mmol, 0.2 equiv) was added. The 
mixture was heated to reflux for 0.5 h, and a solution of 1,4-bis(4-
(trifluoromethyl)phenyl)butane-1,4-dione (749 mg, 2 mmol, 1 equiv) in THF (20 mL) was added 
by a syringe pump (0.5 mmol/h) under mild reflux. The reaction was stirred for another 0.5 h 
after complete addition of diketone. The reaction was cooled to room temperature and then 
quenched with MeOH (30 mL) at 0 °C. After bubbling subsided (~ 5 min), ice/water bath was 
removed and stirred at room temperature for 10 min. The grey solid was removed by filtration 
through a pad of Celite (2 cm deep, 30 mL size, medium-porosity fritted funnel), eluted with 
EtOAc (30 mL), concentrated to give 830 mg of 53c as a white solid (>99:1 er, 89:11 dr). 
Recrystallization from dichloromethane afforded 560 mg (74%) of 53c as colorless needles 
(>99:1 er, 98:2 dr). 
 
Data for 53c: 
 1H NMR:      (500 MHz, CD3OD)   
7.49 (d, J = 8.2 Hz, 4 H, HC(5)), 7.39 (d, J = 8.2 Hz, 4 H, HC(4)), 4.62 (t, J = 4.5  
Hz, 2 H, HC(2)), 1.80 – 1.69 (m, 2 H, H2C(1)), 1.67 – 1.58 (m, 2 H, H2C(1)). 
13C NMR:  (126 MHz, CD3OD) 
 151.1 (C(3)), 130.3 (q, J = 32.0 Hz, C(6)), 126.1 (q, J = 3.9 Hz, C(5)), 125.8 (q, J 
= 270.6 Hz, C(7)), 74.0 (C(2)), 36.2 (C(1)). 
19F NMR:  (470 MHz, CD3OD) 
  −63.64 
 IR: (Nujol) 
3236 (m, broad), 1335 (s), 1166 (m), 1114 (s), 1085 (w), 1069 (m), 1040 (w), 
1016 (w), 946 (w), 904 (w), 842 (w) 
 MS: (ESI) 
  517.0 (19, M+2NaCl), 459.1 (28, M+NaCl), 401.1 (M+Na, 32), 361.1 (100), 
343.1 (29), 254.2 (20), 236.1 (39) 
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 HRMS: (ESI) 
  Calc. for C18H16O2F6Na: 401.0952, found: 401.0957 
 TLC: Rf  0.16 (EtOAc/hexane, 3/1) [silica gel, KMnO4] 
 Opt. Rot.: [α]D
24 +19.0 (c = 0.1, CHCl3) 
 SFC: Before recrystallization: 
  (S,S)-53c, tR 9.2 min (below detection limit); (R,R)-53c, tR 10.2 min (89%); meso-
53c, 11.7 min (11%) 
  After recrystallization: 
  (S,S)-53c, tR 9.2 min (below detection limit); (R,R)-53c, tR 10.2 min (98%); meso-
53c, 11.7 min (2%) 
  (Chiralpak AD, 200 bar, 3 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
(1R, 4R)-1,4-Bis(3,5-bis(trifluoromethyl)phenyl)butane-1,4-diol (53d) [TC-23-47] 
 
 To an oven-dried, 250 mL, one-necked, round-bottom flask equipped with a stir bar, a 
short reflux-condenser, and an argon inlet adaptor with a septum, was added sodium borohydride 
(217 mg, 5.64 mmol, 2.4 equiv). After three cycles of evacuation/argon fill, THF (24 mL) was 
added. Under a positive argon pressure and with rapid stirring, the septum was removed 
temporarily to allow the addition of tin(II) chloride (546 mg, 2.82 mmol, 1.2 equiv), immediately 
resulting in gas evolution and the formation of grey mixture. After stirring at room temperature 
for 1 h, (S)-(−)-α,α-diphenyl-2-pyrrolidinemethanol (120 mg, 0.47 mmol, 0.2 equiv) was added. 
The mixture was heated to reflux for 0.5 h, and a solution of 1,4-bis(3,5-
bis(trifluoromethyl)phenyl)butane-1,4-dione (1.20 g, 2.35 mmol, 1 equiv) in THF (18 mL) was 
added by a syringe pump (0.5 mmol/h) under mild reflux. The reaction was stirred for another 
0.5 h after complete addition of diketone. The reaction was cooled to room temperature and then 
quenched with MeOH (40 mL) at 0 °C. After bubbling subsided (~ 5 min), ice/water bath was 
removed and stirred at room temperature for 10 min. The grey solid was removed by filtration 
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through a pad of Celite (2 cm deep, 30 mL size, medium-porosity fritted funnel), eluted with 
EtOAc (40 mL), concentrated. The white solid was taken up with EtOAc (~ 5 mL) and filtered 
through a pad of silica (2 cm deep, 30 mL size, medium-porosity fritted funnel), eluted with 
EtOAc (80 mL), concentrated to give 53d as a white powder, 1.20 g (>99:1 er, 83:17 dr). 
Recrystallization twice from hexane/dichloromethane (4/1, 0.04 g/mL then 0.03 g/mL, >99:1 er, 
88:12 dr, 1.04 g), and once from hexane/dichloromethane (3/1, 0.035 g/mL) afforded 490 mg 
(40%) of 53d as white needles (>99:1 er, >99:1 dr). Note that the third recrystallization was not 
cooled to 0 °C. 
 
Data for 53d: 
 1H NMR:      (500 MHz, CD3OD)   
7.92 (s, 4 H, HC(4)), 7.82 (s, 2 H, HC(6)), 4.91 – 4.83 (m, 2 H, HC(2)), 1.87 – 
1.78 (m, 4 H, H2C(1)). 
13C NMR:  (126 MHz, CD3OD) 
 150.3 (C(3)), 132.6 (q, J = 33.2 Hz, C(5)), 127.4 (app d, J = 2.8 Hz, C(4)),  124.9 
(q, J = 271.6 Hz, C(7)), 121.8 (m, C(6)), 72.9 (C(2)), 36.1 (C(1)). 
19F NMR:  (470 MHz, CD3OD) 
  −64.14 
 IR: (Nujol) 
3413 (w, broad), 3182 (w, broad), 1623 (w), 1347 (m), 1279 (s), 1170 (s), 1125 
(s), 1040 (w), 904 (m), 844 (w), 710 (m), 682 (m) 
 MS: (ESI, no acid) 
  515.1 (M+H, 8), 497.1 (100), 479.1 (7) 
 HRMS: (ESI, no acid) 
  Calc. for C20H15O2F12: 515.0880, found: 515.0881 
 TLC: Rf  0.74 (EtOAc/hexane, 1/1) [silica gel, KMnO4] 
 Opt. Rot.: [α]D
24 +26.4 (c = 0.2, methanol) 
 HPLC: Before recrystallization: 
  (S,S)-53d, tR 5.6 min (below detection limit); meso-53d, tR 6.8 min (21%); (R,R)-
53d, tR 7.6 min (79%)  
  After recrysalliation: 
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  (S,S)-53d, tR 5.6 min (below detection limit); meso-53d, tR 6.8 min (below 
detection limit); (R,R)-53d, tR 7.6 min (>99%)  
  (Chiralpak AD-H, 200 bar, 1.5 mg/mL, 3.5% i-PrOH in hexanes, 1 mL/min, 22 
°C)  
 
(1R,4R)-1,4-Bis(methanesulfonyloxy)-1,4-bis(4-trifluoromethylphenyl)butane (54c) [TC-22-
13] 
 
 An oven-dried, 50 mL, three-necked, round-bottom flask equipped with a stir bar, two 
septa, an argon inlet, and an internal temperature probe was evacuated and back filled with argon 
(three cycles). Dichloromethane (2.6 mL) and methanesulfonyl chloride (210 µL, 2.7 mmol, 2.6 
equiv) were added, and the flask was submerged to a –20 °C bath. A solution of (1R, 4R)-1,4-
bis(4-(trifluoromethyl)phenyl)butane-1,4-diol 53c (390 mg, 1.0 mmol, 1 equiv) in 
dichloromethane (2.6 mL) and triethylamine (435 µL, 3.1 mmol, 3 equiv) was cannulated to the 
methanesulfonyl chloride solution at a rate that the temperature did not exceed –10 °C. The 
resulting heterogeneous mixture was stirred at –20 °C for 1.5 h, then quenched with a saturated, 
aqueous solution of NH4Cl (4 mL) with vigorous stirring. The biphasic layers were poured into a 
separatory funnel containing EtOAc (20 mL), and the organic layer was washed sequentially 
with a 1:2:1 solution of H2O-brine-saturated NaHCO3 (7 mL × 4) and saturated NaHCO3 (7 mL 
× 2). The organic layer was dried over Na2SO4, filtered and concentrated to the 7-mL mark. The 
solution was cooled to 0 °C, and hexane (10 mL) was added dropwise to the flask with 
occasional swirling. After aging at 0 °C for 0.5 h, the colorless, fine crystals were collected by 
filtration, washed with hexane (5 mL) to afford 352 mg (64%) of 54c. A second crop of the 
product was obtained by concentrating the mother liquor to the 7-mL mark, cooled to 0 °C for 5 
minutes, filtered, hexane washed (5 mL), to afford 95 mg (17%) of 54c as a white powder. The 
product should not be dried under high vacuum because of its tendency to decompose and 
polymerize. 
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Data for 54c: 
 1H NMR:      (500 MHz, C6D6)   
7.25 (d, J = 8.1 Hz, 4 H, HC(5)), 7.09 (d, J = 8.1 Hz, 4 H, HC(4)), 5.76 (d, J = 
10.4 Hz, 2 H, HC(2)), 1.90 (s, 6 H, HC(8)), 1.87 – 1.75 (m, 4 H, H2C(1)). 
13C NMR:  (126 MHz, CDCl3) 
 142.2 (C(3)), 131.3 (q, J = 32.1 Hz, C(6)), 126.6 (C(4)), 126.1 (q, J = 3.9 Hz, 
C(5)), 123.7 (q, J = 271.4 Hz, C(7)), 81.1 (C(2)), 38.9 (C(8)), 33.1 (C(1)). 
19F NMR:  (470 MHz, CDCl3) 
  −62.91 
 MS: (ESI) 
  557.0 (10, M+Na), 343.1 (100), 159.0 (18) 
 HRMS: (ESI) 
  Calc. for C20H20O6F6S2Na: 557.0503, found: 557.0499 
  Calc. for C20H21O6F6S2: 535.0684, found: 535.0692 
 
(1R,4R)-1,4-Bis(methanesulfonyloxy)-1,4-bis(3,5-bis(trifluoromethyl)phenyl)butane (54d) 
[TC-23-52] 
 
 An oven-dried, 25 mL, three-necked, round-bottom flask equipped with a stir bar, two 
septa, an argon inlet, and an internal temperature probe was evacuated and back filled with argon 
(three cycles). Dichloromethane (2.1 mL) and methanesulfonyl chloride (160 µL, 2.1 mmol, 2.6 
equiv) were added, and the flask was submerged to a –20 °C bath. A solution of (1R, 4R)-1,4-
bis(3,5-bis(trifluoromethyl)phenyl)butane-1,4-diol 53d (400 mg, 0.77 mmol, 1 equiv) in 
dichloromethane (2.1 mL) and triethylamine (325 µL, 2.3 mmol, 3 equiv) was cannulated to the 
methanesulfonyl chloride solution at a rate that the temperature did not exceed –10 °C. The 
resulting heterogeneous mixture was stirred at –20 °C for 1.5 h, then quenched with a saturated, 
aqueous solution of NH4Cl (3.5 mL) with vigorous stirring. The biphasic layers were poured into 
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a separatory funnel containing EtOAc (20 mL), and the organic layer was washed sequentially 
with a 1:2:1 solution of H2O-brine-saturated NaHCO3 (6 mL × 4) and saturated NaHCO3 (6 mL 
× 2). The organic layer was dried over Na2SO4, filtered and concentrated. The residue was freed 
from EtOAc by repeated azeotrope with hexane (10 mL × 4) under reduced pressure. The pale 
yellow gum thus obtained was used without further purification. The crude product was not dried 
under high vacuum to avoid potential decomposition and polymerization. 
 
Data for 54d: 
 1H NMR:      (400 MHz, CDCl3)   
7.90 (s, 6 H, HC(4) and HC(6)), 6.00 – 5.92 (m, 2 H, HC(2)), 2.95 (s, 6 H, 
HC(8)), 2.20 – 2.10 (m, 4 H, H2C(1)). 
19F NMR:  (376 MHz, CDCl3) 
  −63.33 
 
 (2S,5S)-1-Amino-2,5-bis(4-trifluoromethylphenyl)pyrrolidine (55c) [TC-22-14] 
 
 To a 10-mL, Schlenk reaction flask equipped with a stir bar and a septum was added 
(1R,4R)-1,4-bis(methanesulfonyloxy)-1,4-bis(4-trifluoromethylphenyl)butane 54c (396 mg, 0.74 
mmol, 1 equiv). The flask was purged with argon, and isopropanol (1.5 mL) was added to give a 
suspension. Anhydrous hydrazine (0.47 mL, 15 mmol, 20 equiv) was added, and the flask was 
submerged to a 40 °C oil bath. After stirring at this temperature for 14 h, the suspension 
disappeared. The reaction was cooled to room temperature, and taken up with Et2O (30 mL). The 
mixture was washed with saturated NaHCO3 (10 mL × 2), then with brine (10 mL). The organic 
layer was dried over Na2SO4, filtered, and concentrated to afford 249 mg (90%) of 55c as a 
white, waxy solid.  
 
Data for 55c: 
 1H NMR:      (500 MHz, CDCl3)   
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7.64 (d, J = 8.1 Hz, 4 H, HC(5)), 7.49 (d, J = 8.1 Hz, 4 H, HC(4)), 4.19 (t, J = 6.5 
Hz, 2 H, HC(1)), 2.64 – 2.33 (m, 4 H, HC(2) and NH2), 2.12 – 1.94 (m, 2 H, 
HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 145.5 (C(3)), 129.8 (q, J = 32.5 Hz, C(6)), 128.6 (C(4)), 125.4 (q, J = 3.8 Hz, 
C(5)), 124.1 (q, J = 272.5 Hz, C(7)), 69.0 (C(1)), 30.6 (C(2)). 
19F NMR:  (470 MHz, CDCl3) 
  −62.92 
 IR: (CHCl3 film) 
  2954 (w), 2914 (w), 2815 (w), 1618 (m), 1594 (w), 1470 (w), 1421 (m), 1325 (s) 
1167 (s), 1124 (s), 1067 (s), 1017 (m), 932 (m), 833 (m) 
 MS: (ESI) 
  375.1 (100, M+H), 358.1 (6) 
 HRMS: (ESI) 
  Calc. for C18H17N2F6: 375.1296, found: 375.1294 
 TLC: Rf  0.14  (CH2Cl2/MeOH, 98/2) [silica gel, UV, KMnO4] 
 
(2S,5S)- 1-Amino-2,5-bis(3,5-bis(trifluoromethyl)phenyl)pyrrolidine (55d) [TC-23-53] 
 
 To a 50-mL, round-bottom flask containing crude (1R,4R)-1,4-bis(methanesulfonyloxy)-
1,4-bis(3,5-bis(trifluoromethyl)phenyl)butane 54d obtained above was added isopropanol (7.7 
mL), swirled to give a homogeneous and colorless solution. A stir bar was added and an argon 
inlet adaptor equipped with a septum was attached. The flask was purged with argon, and 
anhydrous hydrazine (0.48 mL, 15 mmol, 20 equiv) was added. The flask was submerged to a 40 
°C oil bath and stirred for 14 h. The reaction was cooled to room temperature, and taken up with 
Et2O (60 mL). The mixture was washed with saturated NaHCO3 (20 mL × 2), then with brine (20 
mL). The organic layer was dried over Na2SO4, filtered, and concentrated. Purification by 
243 
 
column chromatography (SiO2, 3.0 × 16 cm, hexane/CH2Cl, 1/1) afforded 313 mg (80%, two 
steps from 53d) of 55d as a viscous, colorless oil.  
 
Data for 55d: 
 1H NMR:      (500 MHz, CDCl3)   
7.84 (s, 2 H, HC(6)), 7.83 (s, 4 H, HC(4)), 4.27  (dd, J = 7.1, 4.5 Hz, 2 H, HC(1)), 
2.68 – 2.56 (m, 2 H, H2C(2)), 2.55 (s, 2 H, NH2), 2.10 – 2.01 (m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 143.9 (C(3)), 131.9 (q, J = 33.3 Hz, C(5)), 128.3 (app d, J = 4.0 Hz, C(4)),  123.3 
(q, J = 272.9 Hz, C(7)), 121.7 (m, C(6)), 68.8 (C(1)), 30.5 (C(2)). 
19F NMR:  (470 MHz, CDCl3) 
  −63.19 
 IR: (neat) 
  1322 (w), 2962 (m), 2926 (m), 2871 (w), 2794 (w), 1810 (w), 1623 (m), 1465 
(m), 1377 (s), 1353 (s), 1321 (m), 1279 (s), 1129 (s), 1033 (w), 994 (w), 896 (s), 
843 (s), 792 (w), 708 (s), 682 (s) 
 MS: (ESI) 
  511.1 (100) 
 HRMS: (ESI) 
  Calc. for C20H15N2F12: 511.1044, found: 511.1036 
 TLC: Rf  0.16  (hexane/CH2Cl2, 1/1) [silica gel, PMA] 
 
(2S,5S)-(2,5-Bis(4-trifluoromethylphenyl)pyrrolidine)-N-iminoacetaldehyde (56c) [TC-22-
15] 
 
 To a 25 mL, one-necked, round-bottom flask equipped with a stir bar was added an 
aqueous solution of glyoxal (40% w/w, 720 µL, 6.3 mmol, 20 equiv). A solution of N-amino-
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(2S,5S)-2,5-bis(4-trifluoromethylphenyl)pyrrolidine 55c (118 mg , 0.32 mmol, 1 equiv) in THF 
(4.2 mL) was added at 0 °C. The ice/water bath was removed and the flask was capped with a 
glass stopper. After stirring at 22 °C for 1 h, THF was evaporated under reduced pressure. The 
residue was taken up by dichloromethane (10 mL), and basified with saturated NaHCO3 (15 mL) 
in a separatory funnel. The organic layer was saved and the aqueous layer was extracted further 
with dichloromethane (10 mL × 2). The combined organic extract was dried over Na2SO4, 
filtered and concentrated to give a very light yellow oil. Purification by column chromatography 
(SiO2, 1.5 × 16 cm, CH2Cl2 with 1% Et3N) afforded 111 mg (85%) of 56c as a white foam. 
 
Data for 56c: 
 1H NMR:      (500 MHz, C6D6, 60 °C)   
9.49 (d, J = 7.5 Hz, 1 H, HC(9)), 7.39 (d, J = 8.0 Hz, 4 H, HC(5)), 6.71 (d, J = 7.9 
Hz, 4 H, HC(4)), 6.35 (app d, J = 7.4 Hz, 1 H, HC(8)), 4.44 (app br s, 2 H, 
HC(1)), 1.85 – 1.75 (m, 2 H, HC(2)), 1.25 – 1.13 (m, 2 H, HC(2)). 
13C NMR:  (126 MHz, C6D6, 60 °C) 
 188.9 (C(9)), 144.9 (C(3), broad), 134.0 (C(8)), 130.2 (q, J = 32.2 Hz, C(6)), 
126.6 (C(4)), 126.0 (d, J = 3.9 Hz, C(5)), 124.7 (q, J = 272.4 Hz, C(7)), 65.4 
(C(1), broad), 30.9 (C(2)). 
19F NMR:  (470 MHz, CDCl3) 
  −62.60 
 IR: (CH2Cl2 film) 
  3052 (w), 2983 (w), 2940 (w), 2815 (w), 1923 (w), 1673 (s), 1620 (m), 1529 (s), 
1450 (w), 1417 (m), 1388 (s), 1324 (s), 1247 (m), 1210 (w), 1128 (s), 1067 (s), 
1016 (s), 896 (w), 837 (s), 765 (w), 737 (w), 715 (w) 
 MS: (ESI) 
  415.1 (100, M+H) 
 HRMS: (ESI) 
  Calc. for C20H17N2OF6: 415.1245, found: 415.1238 
 TLC: Rf  0.37  (CH2Cl2 with 1% Et3N) [silica gel, UV, KMnO4] 
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(2S,5S)-(2,5-Bis(3,5-bis(trifluoromethyl)phenyl)pyrrolidine)-N-iminoacetaldehyde (56d) 
[TC-23-54] 
 
 To a 10 mL, one-necked, round-bottom flask equipped with a stir bar was added an 
aqueous solution of glyoxal (40% w/w, 370 µL, 3.2 mmol, 20 equiv). A solution of N-amino-
(2S,5S)-2,5-bis(3,5-bis(trifluoromethyl)phenyl)pyrrolidine 55d (82 mg , 0.16 mmol, 1 equiv) in 
THF (2.1 mL) was added at 0 °C. The ice/water bath was removed and the flask was capped with 
a glass stopper. After stirring at 22 °C for 1 h, THF was evaporated under reduced pressure. The 
residue was taken up by dichloromethane (10 mL), and basified with saturated NaHCO3 (15 mL) 
in a separatory funnel. The organic layer was saved and the aqueous layer was extracted further 
with dichloromethane (10 mL × 2). The combined organic extract was dried over Na2SO4, 
filtered and concentrated to give a semi-solid. Purification by column chromatography (SiO2, 1.5 
× 12 cm, hexane/CH2Cl2, 1/1, with 1% Et3N) afforded 82 mg (93%) of 56d as a white solid. 
 
Data for 56d: 
 1H NMR:      (500 MHz, CDCl3)   
9.20 (d, J = 7.4 Hz, 1 H, HC(9)), 7.87 (s, 2 H, HC(6)), 7.61 (s, 4 H, HC(4)), 6.41 
(d, J = 7.4 Hz, 1 H, HC(8)), 5.34 (app br s, 2 H, HC(1)), 2.75 – 2.61 (m, 2 H, 
HC(2)), 2.13 – 1.99 (m, 2 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 190.1 (C(9)), 134.1 (C(8)), 132.7 (app d, J = 32.3 Hz, C(5)), 126.2 (br s C(4)), 
123.0 (q, J = 273.0 Hz, C(7)), 122.2 (C(4)), 31.4 (br s, C(2)); C(1) and C(3) were 
not observed due to hindered rotation. 
19F NMR:  (470 MHz, CDCl3) 
  −63.33 
 IR: (CDCl3 film) 
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  3059 (w), 2989 (w), 2947 (w), 1885 (w), 1816 (w), 1681 (s), 1625 (m), 1531 (s), 
1468 (m), 1378 (s), 1340 (m), 1320 (m), 1279 (s), 1130 (s), 1032 (w), 989 (w), 
894 (s), 846 (m), 707 (m), 682 (s) 
 MS: (ESI) 
  551.1 (100, M+H) 
 HRMS: (ESI) 
  Calc. for C22H15N2OF12: 551.0993, found: 551.0988 
 TLC: Rf  0.14  (hexane/CH2Cl2, 1/1 with 0.1% Et3N) [silica gel, UV, KMnO4] 
 
 
N,N'-(Ethane-1,2-diylidene)bis-((2S,5S)-(2,5-bis(4-
trifluoromethylphenyl)pyrrolidin-1-amine)) (50c) [TC-22-16] 
Na2SO4
(0.5 equiv)
CH2Cl2
22 °C, 24 h
N
CF3
1
2
3
4
5
6
7
N
N
8
N
NH2N
CF3N
O
+
(1.1 equiv)
N
CF3
CF3
F3C
F3C
F3C
F3C
50c
56c
55c
 
 To an oven-dried, 15 mL, one-necked, round-bottom flask equipped with a stir bar, an 
argon gas inlet and a septum was added (2S,5S)-(2,5-bis(4-trifluoromethylphenyl)pyrrolidine)-N-
iminoacetaldehyde 56c (109 mg, 0.27 mmol, 1 equiv) and Na2SO4 (19 mg, 0.13 mmol, 0.5 
equiv). A solution of N-amino-(2S,5S)-2,5-bis(4-trifluoromethylphenyl)pyrrolidine 55c (110 mg, 
0.29 mmol, 1.1 equiv) in dichloromethane (1.0 mL) was added to give a yellow solution. After 
purging the flask with argon, the reaction was stirred at 22 °C for 24 h. The solution was filtered 
and concentrated to give a lightly yellow solid. Purification by column chromatography (SiO2, 
1.5 × 16 cm, hexane/EtOAc, 9/1, with 1% Et3N) afforded 183 mg (90%) of 50c as a white 
powder.  
 
Data for 50c: 
 1H NMR:      (500 MHz, CDCl3)   
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7.58 (d, J = 8.0 Hz, 8 H, HC(5)), 7.22 (d, J = 8.0 Hz, 8 H, HC(4)), 6.55 (s, 2 H, 
HC(8)), 5.06 (d, J = 7.1 Hz, 4 H, HC(1)), 2.53 – 2.34 (m, 4 H, HC(2)), 1.80 – 1.65 
(m, 4 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 146.9 (C(3)), 134.3 (C(8)), 129.3 (q, J = 32.2 Hz, C(6)), 126.5 (C(4)), 125.5 (app 
d, J = 3.7 Hz, C(5)), 124.2 (q, J = 271.9 Hz, C(7)), 64.4 (C(1)) , 30.9 (C(2)). 
19F NMR:  (470 MHz, CDCl3) 
  −62.81 
 IR: (CDCl3 film) 
  2984 (w), 2947 (w), 2878 (w), 1618 (m), 1546 (m), 1448 (w), 1417 (m), 1324 (s), 
1224 (m), 1167 (s), 1123 (s), 1067 (s), 1016 (s), 870 (w), 836 (s), 732 (m) 
 MS: (ESI) 
  771.2 (100, M+H) 
 HRMS: (ESI) 
  Calc. for C38H31N4F12: 771.2357, found: 771.2354 
 TLC: Rf  0.45  (hexane/EtOAc, 9/1 with 0.1% Et3N) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 –291.3 (c = 0.15, chloroform) 
 
 
N,N'-(Ethane-1,2-diylidene)bis-((2S,5S)-(2,5-Bis(3,5-
bis(trifluoromethyl)phenyl)pyrrolidin-1-amine)) (50d) [TC-23-55] 
 
 
 To an oven-dried, one-piece, 5 mL round-bottom flask and a reflux condenser equipped 
with a stir bar, an argon gas inlet and a septum was added Na2SO4 (10 mg, 0.07 mmol, 0.5 equiv) 
and a solution of (2S,5S)-(2,5-bis(3,5-bis(trifluoromethyl)phenyl)pyrrolidine)-N-
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iminoacetaldehyde  56d (80 mg, 0.15 mmol, 1 equiv) and N-amino-(2S,5S)-2,5-bis(4-
trifluoromethylphenyl)pyrrolidine 55d (82 mg, 0.16 mmol, 1.1 equiv) in dichloromethane. The 
solvent was carefully removed under reduced pressure and CH2Cl2 (0.73 mL) was added to give 
a yellow solution. After purging the flask with argon, the reaction was stirred at reflux for 20 h. 
The solution was filtered and concentrated. Purification by column chromatography (SiO2, 1.5 × 
20 cm, hexane/CH2Cl2, 4/1, with 0.5% Et3N) afforded 138 mg (91%) of 50d as a white solid.  
 
Data for 50d: 
 1H NMR:      (500 MHz, CDCl3)   
7.79 (s, 4 H, HC(6)), 7.52 (s, 8 H, HC(4)), 6.50 (s, 2 H, HC(8)), 5.26  (dd, J = 7.0, 
4.5 Hz, 4 H, HC(1)), 2.53 – 2.43 (m, 4 H, H2C(2)), 1.87 – 1.80 (m, 4 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 144.7 (C(3)), 134.7 (C(8)), 132.1 (q, J = 33.4 Hz, C(5)), 126.2 (C(4)),  123.1 (q, J 
= 272.7 Hz, C(7)), 121.4 (s, C(6)), 64.0 (C(1)), 30.9 (C(2)). 
19F NMR:  (470 MHz, CDCl3) 
  −63.45 
 IR: (CDCl3 film) 
  2989 (w), 1624 (w), 1552 (m), 1466 (w), 1377 (m), 1336 (m), 1319 (m), 1279 (s), 
1171 (s), 1129 (s), 987 (w), 894 (m), 846 (m), 707 (m) 
 MS: (ESI) 
  1043.2 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C42H27N4F24: 1043.1853, found: 1043.1853 
 TLC: Rf  0.34  (hexane/CH2Cl2, 4/1, with 0.5% Et3N) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 −196.7 (c = 0.15, chloroform) 
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4.3.6 Preparation of (2R)-Aryl- and (2R,5R)-Diarylpyrrolidine-Based Bis-hydrazone 
Ligands by the α-Arylation Route 
 
4.3.6.1 General Procedure III: α-Arylation of N-Boc-pyrrolidine
126,127
 
 
An oven-dried, 100-mL, Schlenk reaction flask equipped with a stir bar, a septum and an 
internal temperature probe was evacuated then filled with argon (three cycles). (–)-Sparteine (2.8 
mL, 12 mmol, 1.2 equiv), N-Boc-pyrrolidine (2.1 mL, 12 mmol, 1.2 equiv) and TBME (30 mL) 
were added. The colorless solution was cooled to −75 °C and s-BuLi (1.74 M in cyclohexane, 
6.9 mL, 12 mmol, 1.2 equiv) was added dropwise, keeping the temperature below −69 °C (Note: 
s-BuLi should be added directly to the solution to avoid crystallization on the wall of the flask). 
The resulting light yellow solution was stirred at −75 ± 1°C for 3 h. A solution of ZnCl2 (1 M in 
Et2O, 7.2 mL, 7.2 mmol, 0.72 equiv) was then added to the reaction dropwise with rapid stirring, 
keeping the temperature below −69 °C. The cloudy solution was stirred at −75 ± 1°C for 0.5 h 
and then warmed to 22 °C resulting in a heterogeneous mixture. After stirring at 22 °C for 0.5 h, 
the septum was secured by copper wire and the flask was brought into a glove box. Aryl bromide 
(10 mmol, 1 equiv), t-Bu3P-HBF4 (174 mg, 0.6 mmol, 0.06 equiv) and Pd(OAc)2 (110 mg, 0.48  
mmol, 0.048 equiv) were added to the flask while rapidly stirred. After stirring at 22 °C for 18 h 
under argon, the reaction was quenched with an aqueous solution of NH4OH (30%, 1 mL), and 
the mixture was stirred at room temperature for 1 h. The resulting slurry was filtered through 
Celite (2 cm deep, 30 mL, medium-porosity fritted funnel) and eluted with 60 mL of TBME. The 
filtrate was washed with 50 mL of 1 M HCl and then with 50 mL of deionized water. The 
organic phase was dried over magnesium sulfate, filtered, and concentrated to give a brown oil. 
Purification by column chromatography provided N-Boc-(R)-2-Arylpyrrolidine 58.  
(–)-Sparteine was recovered by washing its acidic aqueous solution (in 1 M HCl) with 
Et2O (× 6) to remove t-Bu3P(O), then basified with an aqueous solution of NaOH (20%). The 
aqueous phase was extracted with Et2O (× 4), and the combined organic phases were dried over 
K2CO3, filtered, and concentrated. The orange oil was stirred overnight over CaH2 then distilled 
under vacuum (bp: 115 – 120 °C/0.3 mm Hg) to afford pure (–)-sparteine as a colorless oil. 
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4.3.6.2 General Procedure IV: α-Arylation of N-Boc-(R)-2-Arylpyrrolidine
126,127
 
 
 
 
An oven-dried, 50-mL, Schlenk reaction flask equipped with a stir bar, a septum and an 
internal temperature probe was added N-Boc-(R)-2-arylpyrrolidine 7 (4.4 mmol, 1.2 equiv). 
After three cycles of evacuation/argon fill, (–)-sparteine (1.0 mL, 4.4 mmol, 1.2 equiv), TBME 
(11 mL) and toluene (2.2 mL) were added. The light yellow solution was cooled to −75 °C and s-
BuLi (1.74 M in cyclohexane, 2.5 mL, 4.4 mmol, 1.2 equiv) was added dropwise, keeping the 
temperature below −69 °C (Note: s-BuLi should be added directly to the solution to avoid 
crystallization on the wall of the flask). The intensively colored solution was stirred at −75 ± 1°C 
for 3 h. A solution of ZnCl2 (1 M in Et2O, 2.65 mL, 2.65 mmol, 0.72 equiv) was then added to 
the reaction dropwise with rapid stirring, keeping the temperature below −69  °C. The yellow 
solution was stirred at −75 ± 1°C for 0.5 h and then warmed to 22 °C resulting in a 
heterogeneous mixture. After stirring at 22 °C for 0.5 h, the septum was secured by copper wire 
and the flask was brought into a glove box. Aryl bromide (3.7 mmol, 1 equiv), t-Bu3P-HBF4 (64 
mg, 0.22 mmol, 0.06 equiv) and Pd(OAc)2 (41 mg, 0.18  mmol, 0.048 equiv) were added to the 
flask while rapidly stirred. In a fume hood, the flask was submerged to a 60 °C oil bath and 
stirred under argon. Within 2 h, the mixture turned grey. After stirring at 60 °C for a total of 14 
h, the reaction was quenched with an aqueous solution of NH4OH (30%, 0.37 mL), and stirred at 
room temperature for 0.5 h. The resulting dark grey mixture was filtered through Celite (2 cm 
deep, 30 mL, medium-porosity fritted funnel) and eluted with 50 mL of TBME. The filtrate was 
washed with 40 mL of 1 M HCl and then with 40 mL of deionized water. The organic layer was 
dried over magnesium sulfate, filtered, and concentrated to give an orange oil. Purification by 
column chromatography provided N-Boc-(2R,5R)-2,5-diarylpyrrolidine 59. (–)-Sparteine can be 
recovered as described in General Procedure I. 
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4.3.6.3 General Procedure V: Iodotrimethylsilane-Assisted Boc Removal
137,138
 
 
To an oven-dried, 25-mL, round-bottom flask equipped with a stir bar, an argon inlet 
adaptor and a septum, was added N-Boc-(2R,2R)-2,5-diarylpyrrolidine 64 (0.67 mmol, 1 equiv). 
After three cycles of evacuation and argon fill, dichloromethane (6.7 mL) was added. The 
colorless solution was cooled to 0 °C, and iodotrimethylsilane (105 µL, 0.7 mmol, 1.05 equiv) 
was added. The resulting light yellow solution was stirred at 0 °C or 22 °C for 1 or 2 h and then 
cannulated into an aqueous solution prepared from saturated NaHCO3/saturated Na2S2O3 (1:1, 20 
mL). After vigorous stirring for 10 minutes, the aqueous layer was extracted with 
dichloromethane (10 mL × 4). The combined organic extract was dried over Na2SO4, filtered and 
concentrated. Purification by column chromatography afforded (2R,2R)-2,5-diarylpyrrolidine 65. 
 
 
4.3.6.4 General Procedure VI: Acid-Assisted Boc Removal
127
 
 
 To an oven-dried, 50 mL, one-necked, round-bottom flask, equipped with a stir bar, an 
argon inlet adaptor and a septum was added N-Boc-(2R,2R)-2,5-diarylpyrrolidine 64 (0.77 mmol, 
1 equiv). After three cycles of evacuation and argon fill, dichloromethane (7.7 mL) was added to 
give a slightly colored solution. Trifluoroacetic acid (1.2 mL, 15.6 mmol, 20 equiv) was added at 
0 °C to give an orange solution, and the reaction was stirred under argon at 0 or 22 °C for 2 to 6 
h. The solvent was removed under reduced pressure. The brown oil was taken up by EtOAc (20 
mL) and washed a 2 M solution of NaOH (20 mL). The organic phase was saved and the 
aqueous layer was extracted with EtOAc (20 mL × 2). The combined organic extracts was dried 
over Na2SO4, filtered and concentrated to give a lightly tanned oil. Purification by column 
chromatography afforded (2R,2R)-2,5-diarylpyrrolidine 65. 
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4.3.6.5 General Procedure VII: Nitrosation of (2R,5R)-Diarylpyrrolidine
139-141
 
 
 To a an oven-dried, 15 mL, one-necked, round-bottom flask equipped with a stir bar, an 
argon inlet adaptor was charged (2R,2R)-2,5-diarylpyrrolidine 65 (0.39 mmol, 1 equiv). After 
two cycles of evacuation/argon fill, dichloromethane (2.0 mL) and pyridine (64 µL, 0.78 mmol, 
2 equiv) were added. The light yellow solution was cooled to 0 °C, and nitrosonium 
tetrafluoroborate (182 mg, 1.5 mmol, 2 equiv) was added. Under a slight positive argon pressure, 
the septum was temporarily removed to allow the addition of nitrosonium tetrafluoroborate (94 
mg, 0.78 mmol, 2 equiv) in one portion. The resulting mixture was stirred at 0 or 22 °C for 2 to 
20 h, and an aqueous solution of HCl (1 M, 2 mL) was added. After stirring for 3 minutes, the 
aqueous layer was extracted with dichloromethane (1.5 mL × 4). The combined organic extract 
was dried over Na2SO4, filtered and concentrated to give a light yellow solid. Purification by 
column chromatography afforded N-nitroso-(2R,5R)-diarylpyrrolidine 66. 
 
4.3.6.6 General Procedure VIII: Reduction of N-nitroso-(2R,5R)-diarylpyrrolidine
143
 
 
To an oven-dried, 25 mL, one-necked, round-bottom flask, equipped with a stir bar, an 
argon inlet and a septum, was added N-nitroso-(2R,5R)-2,5-diarylpyrrolidine 66 (0.54 mmol, 1 
equiv). After three cycles of evacuation and argon fill, dichloromethane (5.4 mL) was added. The 
pale yellow solution was cooled to 0 °C and a hexanes solution of diisobutylaluminum hydride 
(1 M, 1.625 mL, 1.625 mmol, 3 equiv) was added (no exotherm). The ice/water bath was 
removed and the bright yellow solution was stirred at 21 °C for 2 h. The reaction was cooled to 0 
°C, and quenched slowly with an aqueous solution of NaOH (10%, 5.4 mL) with vigorous 
stirring. The resulting heterogeneous mixture was stirred for 5 minutes and filtered through a pad 
of Celite (1 cm deep, 15 mL, coarse, frit funnel), eluted with dichloromethane (15 mL). The 
organic layer was saved and the aqueous layer was extracted with dichloromethane (3 mL × 3). 
The combined organic extract was dried over Na2SO4, filtered, and concentrated. Purification by 
column chromatography afforded (2R,5R)-1-amino-2,5-diarylpyrrolidine 67. 
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General Procedure IX: Glyoxal Condensation with (2R,5R)-1-amino-2,5-diarylpyrrolidine 
 
 To a 10 mL, one-necked, round-bottom flask equipped with a stir bar was added an 
aqueous solution of glyoxal (40% w/w, 360 µL, 3.15 mmol, 20 equiv). A solution of N-amino-
(2R,5R)-2,5-diarylpyrrolidine 67 (0.16 mmol, 1 equiv) in THF (1.6 mL) was added at 0 °C. The 
flask was capped with a glass stopper and stirred at 0 °C for 0.5 or 1 h. The reaction was basified 
with a solution of saturated NaHCO3 (1.5 mL), vigorously stirred at 0 °C for 3 minutes. The 
organic phase was saved and the aqueous phase was extracted with dichloromethane (1 mL × 5). 
The combined organic phase was dried over Na2SO4, filtered and concentrated to give a light 
yellow oil. Purification by column chromatography afforded (2R,5R)-(2,5-diarylpyrrolidine)-N-
iminoacetaldehyde 68. 
 
General Procedure X: Condensation of (2R,5R)-1-amino-2,5-diarylpyrrolidine with 
(2R,5R)-(2,5-diarylpyrrolidine)-N-iminoacetaldehyde 
 
 To an oven-dried, 5-mL, Schlenk reaction flask equipped with a stir bar and a septum 
was added Na2SO4 (10.7 mg, 0.075 mmol, 0.5 equiv), a dichloromethane solution of (2R,5R)-
(2,5-diarylpyrrolidine)-N-iminoacetaldehyde 68 (58 mg, 0.15 mmol, 1 equiv) and a 
dichloromethane solution of (2R,5R)-1-amino-2,5-diarylpyrrolidine 67 (0.17 mmol, 1.1 equiv). 
The solvent was carefully evaporated under reduced pressure assisted by vigorous stirring to give 
a light yellow solid. The flask was then filled with argon and dichloromethane (0.75 mL) was 
added to give a light yellow solution. The reaction was stirred at 21 °C for 20 h, and the solution 
was filtered, concentrated to give a lightly yellow solid. Purification by column chromatography 
afforded the target ligand 50.  
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Preparation of N-Boc-(R)-2-Arylpyrrolidine  
N-Boc-(R)-2-(4-Methoxyphenyl)pyrrolidine (58a) [TC-22-31] 
 
Following General Procedure III, (–)-sparteine (2.8 mL, 12 mmol, 1.2 equiv), N-Boc-
pyrrolidine (2.1 mL, 12 mmol, 1.2 equiv) and TBME (30 mL), s-BuLi (1.74 M in cyclohexane, 
6.9 mL, 12 mmol, 1.2 equiv), ZnCl2 (1 M in Et2O, 7.2 mL, 7.2 mmol, 0.72 equiv),  4-
bromoanisole (1.25 mL, 10 mmol, 1 equiv), t-Bu3P-HBF4 (174 mg, 0.6 mmol, 0.06 equiv) and 
Pd(OAc)2 (110 mg, 0.48  mmol, 0.048 equiv) were combined in a 100 mL Schlenk reaction 
flask. After stirring at 22 °C for 18 h under argon, the reaction was quenched, filtered, subjected 
to aqueous washes and then concentrated. Purification by column chromatography (SiO2, 4.5 × 
26 cm, hexane/EtOAc, gradient elution, 14/1, 9/1 then 7/1) afforded 1.61 g (71%) of 58a as a 
slightly tanned white solid (a rotameric mixture, 66:34, −20 °C). The spectroscopic data matched 
those from the literature.273  
 
Data for 58a: 
 1H NMR:      (500 MHz, CDCl3, −20 °C) 
  Major  
  7.07 (d, J = 8.6 Hz, 2 H, HC(9)), 6.82 (d, J = 8.6 Hz, 2 H, HC(10)), 4.71 (dd, J = 
7.7, 4.3 Hz, 1 H, HC(1)), 3.79 (s, 3 H, H3C(12)), 3.66 – 3.52 (m, 2 H, H2C(4)), 
2.32 – 2.24 (m, 1 H, HC(2)), 1.92 – 1.74 (m, 3 H, HC(2) and H2C(3)), 1.18 (s, 9 
H, H3C(7)). 
  Minor  
7.10 (d, J = 8.5 Hz, 2 H, HC(9)), 6.83 (d, J = 8.5 Hz, 2 H, HC(10)), 4.89 (dd, J = 
8.0, 2.9 Hz, 1 H, HC(1)),  3.77 (s, 3 H, H3C(12)), 3.50 – 3.44 (m, 2 H, H2C(4)), 
2.25 – 2.19 (m, 1 H, HC(2)), 1.92 – 1.74 (m, 3 H, HC(2) and H2C(3)), 1.44 (s, 9 
H, H3C(7)). 
13C NMR:  (126 MHz, CDCl3, −20 °C) 
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  Major 
 157.9 (C(11)), 154.6 (C(5)), 137.1 (C(8)), 126.5 (C(9)), 113.2 (C(10)), 79.0 
(C(6)), 60.5 (C(1)), 55.2 (C(12)), 46.9 (C(4)), 36.0 (C(2)), 28.1 (C(7)), 23.0 
(C(3)). 
  Minor 
 158.0 (C(11)), 154.4 (C(5)), 136.1 (C(8)), 126.3 (C(9)), 113.6 (C(10)), 79.1 C(6)), 
59.9 (C(1)), 55.2 (C(12)), 47.2 (C(4)), 34.9 (C(2)), 28.4 (C(7)), 23.3 (C(3)). 
 IR: (CDCl3 film) 
  2975 (s), 2836 (m), 2058 (w), 1882 (w), 1693 (s), 1681 (s), 1651 (m), 1613 (s), 
1586 (m), 1514 (s), 1454 (s), 1392 (s), 1246 (s), 1163 (s), 1113 (s), 1079 (m), 
1036 (s), 971 (w), 917 (m), 901 (m), 875 (m), 828 (s), 768 (m) 
 MS: (EI, 70 eV) 
  277.2 (M+, 7), 220.2 (100), 176.2 (84), 148.1 (22) 
 HRMS: (ESI) 
  Calc. for C16H24NO3: 278.1756, found: 278.1765 
 TLC: Rf  0.16 (hexane/EtOAc, 9/1) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +90.6 (c = 0.5, acetone) 
 SFC: (S)-58a, tR 3.8 min (4%); (R)-58a, tR 6.7 min (96%); 
  ((R,R)-Whelk-O1, 200 bar, 5% MeOH in CO2, 2.5 mL/min, 220 nm, 40 °C) 
 
N-Boc-(R)-2-(2-Naphthyl)pyrrolidine (58f) [TC-22-41] 
 
Following Representative Procedure III, (–)-sparteine (2.8 mL, 12 mmol, 1.2 equiv), N-Boc-
pyrrolidine (2.1 mL, 12 mmol, 1.2 equiv), TBME (30 mL), s-BuLi (1.74 M in cyclohexane, 6.9 
mL, 12 mmol, 1.2 equiv), ZnCl2 (1 M in Et2O, 7.2 mL, 7.2 mmol, 0.72 equiv), 2-
bromonaphthalene (2.07 g, 10 mmol, 1 equiv), t-Bu3P-HBF4 (174 mg, 0.6 mmol, 0.06 equiv) and 
Pd(OAc)2 (110 mg, 0.48  mmol, 0.048 equiv) were combined in a 100 mL Schlenk reaction flask. 
After stirring at 22 °C for 16 h, the reaction was quenched, filtered, subjected to aqueous washes 
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and then concentrated. Purification by column chromatography (SiO2, 4.5 × 20 cm, 
CH2Cl2/hexane, gradient elution, 4/1, 9/1 then 1/0) afforded 1.82 g (61%) of 58f as a white solid 
(a rotameric mixture, 70:30, −20 °C). The spectroscopic data matched those from the 
literature.127  
 
Data for 58f: 
 1H NMR:      (500 MHz, CDCl3, −20 °C) 
  Major  
  7.85 – 7.77 (m, 3 H, HC(Aryl)), 7.58  (s, 1 H, HC(8)), 7.50 – 7.40  (m, 2 H, 
HC(Aryl)), 7.35 – 7.30  (m, 1 H, HC(16) or HC(10)), 4.95 (dd, J = 7.9, 3.6 Hz, 1 
H, HC(1)), 3.76 – 3.63 (m, 2 H, H2C(4)), 2.43 – 2.29 (m, 1 H, HC(2)), 1.97 – 1.83 
(m, 3 H, HC(2) and H2C(3)), 1.13 (s, 9 H, H3C(7)). 
  Minor  
  7.85 – 7.77 (m, 3 H, HC(Aryl)), 7.59  (s, 1 H, HC(8)), 7.50 – 7.40  (m, 2 H, 
HC(Aryl)), 7.35 – 7.30  (m, 1 H, HC(16) or HC(10)), 5.11 (d, J = 6.5 Hz, 1 H, 
HC(1)), 3.59 – 3.55 (m, 2 H, H2C(4)), 2.43 – 2.29 (m, 1 H, HC(2)), 1.97 – 1.83 
(m, 3 H, HC(2) and H2C(3)), 1.47 (s, 9 H, H3C(7)). 
13C NMR:  (126 MHz, CDCl3, −20 °C) 
  Major 
 154.7 (C(5)), 142.2 (C(9)), 133.0 (C(12) or C(17)), 132.2 ((C(12) or C(17)), 127.9 
(C(Aryl)), 127.5 (C(Aryl)), 127.5 (C(Aryl)), 126.0 (C(Aryl)), 125.3 (C(Aryl)), 
124.1 (C(8)), 123.6 (C(8) or C(10)), 79.2 (C(6)), 61.2 (C(1)), 47.0 (C(4)), 35.7 
(C(2)), 28.0 (C(7)), 23.0 (C(3)). 
  Minor 
 154.5 (C(5)), 141.3 (C(9)), 133.2 (C(12) or C(17)), 132.4 (C(12) or C(17)), 128.2 
(C(Aryl)), 127.7 (C(Aryl)), 127.5 (C(Aryl)), 125.8 (C(Aryl)), 125.3 (C(Aryl)), 
124.0 (C(8)), 123.5 (C(8) or C(10)), 79.3 C(6)), 60.7 (C(1)), 47.4 (C(4)), 34.7 
(C(2)), 28.4 (C(7)), 23.4 (C(3)). 
 IR: (CDCl3 film) 
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  3053 (m), 2973 (m), 2876 (m), 1693 (s), 1634 (w), 1602 (w), 1509 (w), 1478 (m), 
1454 (m), 1392 (s), 1364 (s), 1255 (m), 1165 (s), 1109 (s), 1081 (w), 974 (w), 912 
(w), 896 (w), 856 (w), 817 (m), 746 (m) 
 MS: (EI, 70 eV) 
  297.1 (M+, 20), 241.1 (80), 196.1 (100), 168.0 (34), 154.0 (23), 84.0 (23), 57.1 
(75) 
 HRMS: (ESI) 
  Calc. for C19H24NO2: 298.1807, found: 298.1801 
 TLC: Rf  0.11 (CH2Cl2) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +117.7 (c = 0.5, acetone) 
 SFC: (S)-58f, tR 3.8 min (4%); (R)-58f, tR 11.6 min (96%); 
  ((R,R)-Whelk-O1, 200 bar, 10% MeOH in CO2, 2.5 mL/min, 220 nm, 40 °C) 
 
N-Boc-(R)-2-(3,5-Dimethylphenyl)pyrrolidine (58g) [TC-22-78] 
 
Following Representative Procedure III, (–)-sparteine (2.4 mL, 10 mmol, 1.2 equiv), N-
Boc-pyrrolidine (1.8 mL, 10 mmol, 1.2 equiv), TBME (26 mL), s-BuLi (1.74 M in cyclohexane, 
5.8 mL, 10 mmol, 1.2 equiv), ZnCl2 (1 M in Et2O, 6.1 mL, 6.1 mmol, 0.72 equiv), 1-bromo-3,5-
dimethylbenzene (1.15 mL, 8.4 mmol, 1 equiv), t-Bu3P-HBF4 (148 mg, 0.5 mmol, 0.06 equiv) 
and Pd(OAc)2 (92 mg, 0.4  mmol, 0.048 equiv) were combined in a 100 mL Schlenk reaction 
flask. After stirring at 22 °C for 18 h, the reaction was quenched, filtered, subjected to aqueous 
washes and then concentrated. Purification by column chromatography (SiO2, 4.5 × 23 cm, 
CH2Cl2/hexane, 9/1) and Kugelrohr distillation afforded 1.30 g (56%) of 58g as a colorless oil (a 
rotameric mixture, 66:34, −20 °C).  
 
Data for 58g: 
 bp:  175 °C [0.02 mm Hg, ABT] 
 1H NMR:      (500 MHz, CDCl3, −20 °C)  
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  Major 
6.84 (s, 1 H, HC(11)), 6.76 (s, 2 H, HC(9)), 4.68 (dd, J = 7.7, 4.2 Hz, 1 H, 
HC(1)), 3.65 – 3.56 (m, 2 H, HC(4)), 2.31 – 2.20 (m, 1 H, HC(2)), 2.28 (s, 6 H, 
HC(12)), 1.93 – 1.79 (m, 3 H, H2C(3) and HC(2)), 1.17 (s, 9 H, H3C(7)). 
  Minor 
6.84 (s, 1 H, HC(11)), 6.76 (s, 2 H, HC(9)), 4.88 – 4.84 (m, 1 H, HC(1)), 3.51 – 
3.46 (m, 2 H, HC(4)), 2.31 – 2.20 (m, 1 H, HC(2)), 2.28 (s, 6 H, HC(12)), 1.93 – 
1.72 (m, 3 H, H2C(3) and HC(2)), 1.45 (s, 9 H, H3C(7)). 
13C NMR:  (126 MHz, CDCl3, −20 °C) 
 Major 
 154.6 (C(5)), 144.8 (C(10)), 137.4 (C(8)), 127.9 (C(11)), 123.3 (C(9)), 79.3 
(C(6)), 61.0 (C(1)), 46.9 (C(4)), 35.8 (C(2)), 28.0 (C(7)), 23.1 (C(3)), 21.3 
(C(12)). 
 Minor 
 154.4 (C(5)), 144.0 (C(10)), 137.7 (C(8)), 128.3 (C(11)), 122.9 (C(9)), 79.1 
(C(6)), 60.5 (C(1)), 47.3 (C(4)), 34.9 (C(2)), 28.4 (C(7)), 23.4 (C(3)), 21.4 
(C(12)). 
 IR: (neat) 
  3373 (w), 2972 (s), 1693 (s), 1681 (s), 1651 (m), 1605 (s), 1454 (s), 1392 (s), 
1255 (s), 1163 (s), 1112 (s), 1036 (m), 1009 (m), 972 (m), 951 (m), 918 (m), 897 
(m), 843 (m), 774 (m), 730 (m), 704 (s) 
 MS: (EI, 70 eV) 
  275.2 (M+, 7), 219.1 (100), 204.1 (24), 174.1 (99), 160.1 (56), 147.1 (28), 132.1 
(74) 
 HRMS: (ESI) 
  Calc. for C17H26NO2: 276.1964, found: 276.1971 
 TLC: Rf  0.17  (CH2Cl2) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +88.3 (c = 0.51, acetone) 
 SFC: (S)-58g, tR 3.1 min (4%); (R)-58g, tR 5.6 min (96%); 
  ((R,R)-Whelk-O1, 200 bar, 5% MeOH in CO2, 2.5 mL/min, 220 nm, 40 °C) 
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N-Boc-(R)-2-(5-Phenylbiphenyl-3-yl)pyrrolidine (58h) [TC-22-98] 
 
Following Representative Procedure III, (–)-sparteine (2.8 mL, 12 mmol, 1.2 equiv), N-
Boc-pyrrolidine (2.1 mL, 12 mmol, 1.2 equiv), TBME (30 mL), s-BuLi (1.74 M in cyclohexane, 
6.9 mL, 12 mmol, 1.2 equiv), ZnCl2 (1 M in Et2O, 7.2 mL, 7.2 mmol, 0.72 equiv), 1-bromo-3,5-
diphenylbenzene (3.10 g, 10 mmol, 1 equiv), t-Bu3P-HBF4 (175 mg, 0.6 mmol, 0.06 equiv) and 
Pd(OAc)2 (112 mg, 0.48  mmol, 0.048 equiv) were combined in a 100 mL Schlenk reaction flask. 
After stirring at 22 °C for 18 h, the reaction was quenched, filtered, subjected to aqueous washes 
and then concentrated. Purification by column chromatography (SiO2, 4.5 × 26 cm, 
CH2Cl2/hexane, gradient elution, 6/4, 7/3, 8/2 then 9/1) afforded 2.44 g (61%) of 58h as a foamy, 
white solid (a rotameric mixture, 65:35, −20 °C). The spectroscopic data matched those from the 
literature.127 
 
Data for 58h: 
 1H NMR:      (500 MHz, CDCl3, −20 °C) 
  Major  
  4.89 (dd, J = 7.6, 4.6 Hz, 1 H, HC(1)), 3.75 – 3.60 (m, 2 H, H2C(4)), 2.45 – 2.38 
(m, 1 H, HC(2)), 2.04 – 1.86 (m, 3 H, HC(2) and H2C(3)), 1.20 (s, 9 H, H3C(7)). 
  Minor   
5.12 (d, J = 6.6, 1 H, HC(1)), 3.57 – 3.51 (m, 2 H, H2C(4)), 2.38 – 2.30 (m, 1 H, 
HC(2)), 2.04 – 1.86 (m, 3 H, HC(2) and H2C(3)), 1.51 (s, 9 H, H3C(7)). 
Aromatic protons for major and minor rotameric isomers: 
7.68 – 7.62 (m, 5 H), 7.50 – 7.45 (m, 4 H), 7.41 – 7.36 (m, 4 H). 
13C NMR:  (126 MHz, CDCl3, −20 °C) 
  Major 
 154.5 (C(5)), 79.4 (C(6)), 61.4 (C(1)), 47.1 (C(4)), 36.1 (C(2)), 28.1 (C(7)), 23.3 
(C(3)). 
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  Minor 
 154.5 (C(5)), 79.3 C(6)), 60.5 (C(1)), 47.3 (C(4)), 34.9 (C(2)), 28.4 (C(7)), 23.3 
(C(3)). 
 Aromatic carbons for major and minor rotameric isomers:  
146.3, 144.8, 141.7, 141.5, 141.2, 140.9, 128.7, 128.6, 127.4, 127.3, 127.2, 127.1, 
124.8, 124.4, 123.2, 123.0. 
 IR: (CDCl3 film) 
  3033 (w), 2973 (m), 2874 (w), 1693 (s), 1596 (m), 1577 (w), 1498 (m), 1477 (m), 
1454 (m), 1435 (m), 1392 (s), 1365 (s), 1249 (w), 1165 (s), 1116 (m), 1081 (w), 
1029 (w), 971 (w), 871 (w), 758 (s), 698 (s) 
 MS: (EI, 70 eV) 
  399.2 (M+, 20), 343.1 (72), 298.1 (100), 270.1 (45), 256.1 (65), 241.1 (22), 194.1 
(19), 165.1 (10), 70.1 (31), 57.1 (84) 
 HRMS: (ESI) 
  Calc. for C27H30NO2: 400.2277, found: 400.2283 
 TLC: Rf  0.15 (CH2Cl2/hexane, 9/1) [silica gel, UV] 
 Opt. Rot.: [α]D
24 +83.1 (c = 0.5, acetone) 
 SFC: (S)-58h, tR 18.9 min (4%); (R)-58h, tR 21.0 min (96%); 
  (Chiralpak-OD, 200 bar, 1-10% MeOH gradient in CO2 (30 min), 2 mL/min, 220 
nm, 40 °C) 
 
N-Boc-(R)-2-(2-Tolyl)pyrrolidine (58i) [TC-23-49] 
 
 
Following Representative Procedure III, (–)-sparteine (3.3 mL, 14.4 mmol, 1.2 equiv), N-
Boc-pyrrolidine (2.6 mL, 14.4 mmol, 1.2 equiv), TBME (36 mL), s-BuLi (1.74 M in 
cyclohexane, 8.3 mL, 12 mmol, 1.2 equiv), ZnCl2 (1 M in Et2O, 8.7 mL, 8.7 mmol, 0.72 equiv), 
2-bromotoluene (1.5 mL, 12 mmol, 1 equiv), t-Bu3P-HBF4 (210 mg, 0.72 mmol, 0.06 equiv) and 
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Pd(OAc)2 (132 mg, 0.58  mmol, 0.048 equiv) were combined in a 100 mL Schlenk reaction flask. 
After stirring at 22 °C for 18 h, the reaction was quenched, filtered, subjected to aqueous washes 
and then concentrated. Purification by column chromatography (SiO2, 4.5 × 21 cm, 
hexane/EtOAc, 19/1) and Kugelrohr distillation afforded 1.69 g (54%) of 58i as a colorless oil (a 
rotameric mixture, 66:34, −20 °C). N-Boc-pyrrolidine was removed at 80 – 90 °C [0.02 mm Hg, 
ABT]. The spectroscopic data matched those from the literature.126  
 
Data for 58i: 
 bp:  125 °C [0.02 mm Hg, ABT] 
 1H NMR:      (500 MHz, CDCl3, −20 °C) 
  Major  
  7.17 – 7.09 (m, 3 H, HC(10), HC(11) and HC(12)), 7.07 (m, 1 H, HC(13)), 4.94 
(dd, J = 7.9, 4.5 Hz, 1 H, HC(1)), 3.71 – 3.57 (m, 2 H, H2C(4)), 2.32 (s, 3 H, 
H3C(14)), 2.36 – 2.18 (m, 1 H, HC(2)), 1.98 – 1.82 (m, 2 H, H2C(3)), 1.75 – 1.65 
(m, 2 H, H2C(3)), 1.13 (s, 9 H, H3C(7)). 
  Minor  
7.17 – 7.09 (m, 3 H, HC(10), HC(11) and HC(12)), 7.03 (d, J = 7.1 Hz, 1 H, 
HC(13)), 5.11 (dd, J = 8.2, 1.8 Hz, 1 H, HC(1)), 3.71 – 3.57 (m, 1 H, H2C(4)), 
3.50 – 3.45 (m, 1 H, H2C(4)), 2.34 (s, 3 H, H3C(14)), 2.36 – 2.18 (m, 1 H, HC(2)), 
1.98 – 1.82 (m, 2 H, HC(3)), 1.75 – 1.65 (m, 2 H, HC(3)), 1.15 (s, 9 H, H3C(7)). 
13C NMR:  (126 MHz, CDCl3, −20 °C) 
  Major 
 154.3 (C(5)), 143.0 (C(8)), 133.8 (C(9)), 129.8 (C(10)), 126.1 (C(11) or C(12)), 
125.8 (C(11) or C(12)), 124.2 (C(13)), 78.9 (C(6)), 57.7 (C(1)), 46.9 (C(4)), 33.9 
(C(2)), 27.9 (C(7)), 23.0 (C(3)), 19.4 (C(14)). 
  Minor 
 154.3 (C(5)), 141.5 (C(8)), 134.0 (C(9)), 130.4 (C(10)), 126.4 (C(11) or C(12)), 
125.7 (C(11) or C(12)), 123.7 (C(13)), 79.2 (C(6)), 57.8 (C(1)), 47.2 (C(4)), 32.5 
(C(2)), 28.4 (C(7)), 22.9 (C(3)), 19.3 (C(14)). 
 IR: (neat) 
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  2973 (s), 2874 (m), 1697 (s), 1605 (w), 1479 (m), 1455 (m), 1392 (s), 1364 (s), 
1275 (m), 1246 (m), 1161 (s), 1121 (s), 1102 (m), 1078 (m), 1051 (w), 1032 (w), 
971 (w), 921 (m), 875 (m), 771 (m), 752 (m), 725 (m) 
 MS: (EI, 70 eV) 
  261.2 (M+, 3), 205.1 (67), 190.1 (15), 160.1 (25), 144.1 (44), 133.1 (26), 114.1 
(29), 91.1 (12), 70.1 (30), 57.1 (100) 
 HRMS: (ESI) 
  Calc. for C16H24NO2: 262.1807, found: 262.1798 
 TLC: Rf  0.15 (hexane/EtOAc, 19/1) [silica gel, KMnO4] 
 Opt. Rot.: [α]D
24 +70.9 (c = 0.5, acetone) 
 SFC: (S)-58i, tR 7.1 min (5%); (R)-58i, tR 10.1min (95%); 
  ((R,R)-Whelk-O1, 200 bar, 2% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
N-Boc-(R)-2-(5-Methyl-2-thienyl)pyrrolidine (58j) [TC-23-81][TC-23-48] 
 
An oven-dried, three-necked, round-bottom flask equipped with a stir bar, a septum, an 
internal temperature probe and a solid addition bulb containing t-Bu3P-HBF4 (273 mg, 0.94 
mmol, 0.06 equiv) and Pd(OAc)2 (174 mg, 0.75  mmol, 0.048 equiv) was carefully evacuated 
then filled with argon (two cycles). (–)-Sparteine (4.4 mL, 18.8 mmol, 1.2 equiv), N-Boc-
pyrrolidine (3.3 mL, 18.8 mmol, 1.2 equiv) and TBME (47 mL) were added. The colorless 
solution was cooled to −75 °C and s-BuLi (1.47 M in cyclohexane, 12.9 mL, 18.8 mmol, 1.2 
equiv) was added dropwise, keeping the temperature below −69 °C (Note: s-BuLi should be 
added directly to the solution to avoid crystallization on the wall of the flask). The resulting light 
yellow solution was stirred at −76 for 3 h. A solution of ZnCl2 ZnCl2 (1 M in Et2O, 11.3 mL, 
11.3 mmol, 0.72 equiv) was then added to the reaction dropwise with rapid stirring, keeping the 
temperature below −69 °C. The cloudy solution was stirred at −76 °C for 0.5 h and then warmed 
to 22 °C resulting in a heterogeneous mixture. After stirring at 21 °C for 0.5 h, 2-bromo-5-
methylthiophene (1.83 mL, 15.7 mmol, 1 equiv), t-Bu3P-HBF4 and Pd(OAc)2 were added while 
263 
 
rapidly stirred (exothermed from 21 to 29 °C). After stirring at 21 °C for 18 h under argon, the 
reaction was quenched with an aqueous solution of NH4OH (30%, 1.6 mL), and the mixture was 
stirred at room temperature for 1 h. The resulting slurry was filtered through Celite (2 cm deep, 
60 mL, medium-porosity fritted funnel) and eluted with 80 mL of TBME. The filtrate was 
washed with 60 mL of 1 M HCl and then with 60 mL of deionized water. The organic phase was 
dried over magnesium sulfate, filtered, and concentrated to give an orange oil. Purification by 
column chromatography (SiO2, 6 × 30 cm, gradient elution, hexane/EtOAc, 19/1 then 9/1) and 
Kugelrohr distillation afforded 1.99 g (~40%) of 58j as a semi-solid (a rotameric mixture, 61:39, 
21 °C) with an unknown side product. N-Boc-pyrrolidine was removed at 80 – 90 °C [0.02 mm 
Hg, ABT]. The contaminated product was used for the second α-arylation without further 
purification. 
 
Data for 58j: 
 bp:  130 °C [0.025 mm Hg, ABT] 
 1H NMR:      (500 MHz, CDCl3)   
6.68 – 6.54 (m, 2 H, HC(7)), 5.14 (app br s, 0.39 H, HC(1)), 5.01 (app br s, 0.61 
H, HC(1)), 3.60 – 3.28 (m, 2 H, H2C(2)), 2.45 (s, 3 H, H3C(11)), 2.42 (s, 3 H, 
H3C(7)), 2.23 (app br s, 1 H, HC(2) or HC(3)), 2.10 – 1.97 (m, 2 H, HC(2) or 
HC(3)), 1.94 – 1.88 (m, 1 H, HC(2) or HC(3)), 1.48 (s, ~2.5 H, H3C(7)), 1.37 (s, 
~6.5 H, H3C(7)). 
 IR: (CDCl3 film) 
  2975 (s), 2878 (m), 1694 (s), 1478 (m), 1453 (m), 1392 (s), 1365 (s), 1271 (m), 
1255 (m), 1225 (m), 1167 (s), 1108 (s), 1039 (w), 964 (w), 916 (w), 886 (m), 796 
(m), 770 (m) 
 MS: (EI, 70 eV) 
  267.1 (M+, 34), 211.0 (100), 196.0 (43), 166.0 (94), 152.0 (36), 139.0 (38), 124.0 
(25), 111.0 (29), 97.0 (17) 
 HRMS: (EI, 70 eV) 
  Calc. for C14H21NO2S: 267.12930, found: 267.12882 
 TLC: Rf  0.32 (hexane/EtOAc, 9/1) [silica gel, UV, KMnO4] 
 SFC: (S)-58j, tR 5.4 min (6%); (R)-58j, tR 7.7 min (94%); 
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  ((R,R)-Whelk-O1, 200 bar, 3% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
N-Boc-(R)-2-(3,5-Bistrifluoromethylphenyl)pyrrolidine (58d) [TC-22-79][TC-22-84] 
 
Following Representative Procedure III, (–)-sparteine (2.4 mL, 10 mmol, 1.2 equiv), N-
Boc-pyrrolidine (1.8 mL, 10 mmol, 1.2 equiv), TBME (26 mL), s-BuLi (1.74 M in cyclohexane, 
5.8 mL, 10 mmol, 1.2 equiv), ZnCl2 (1 M in Et2O, 6.1 mL, 6.1 mmol, 0.72 equiv), 1-bromo-3,5-
bis(trifluoromethyl)benzene (1.45 mL, 8.4 mmol, 1 equiv), t-Bu3P-HBF4 (146 mg, 0.5 mmol, 
0.06 equiv) and Pd(OAc)2 (90 mg, 0.4  mmol, 0.048 equiv) were combined in a 100 mL Schlenk 
reaction flask. After stirring at 21 °C for 18 h, the reaction was quenched, filtered, subjected to 
aqueous washes and then concentrated. Purification by column chromatography (SiO2, 4.5 × 23 
cm, CH2Cl2/hexane, 4/1) and Kugelrohr distillation afforded 1.73 g (54%) of 58d as a very pale 
yellow oil (a rotameric mixture, 64:36, −20 °C). This compound was derivatized to 3,5-
dinitrophenylmethane for the assessment of enantiomeric purity (96:4 er). 
 
Data for 58d: 
 bp:  150 °C [0.1 mm Hg, ABT] 
 1H NMR:      (500 MHz, CDCl3, −20 °C)  
  Major 
7.75 (s, 1 H, HC(11)), 7.62 (s, 2 H, HC(9)), 4.82 (dd, J = 7.6, 5.8 Hz, 1 H, 
HC(1)), 3.72 – 3.62 (m, 2 H, HC(4)), 2.45 – 2.42 (m, 1 H, HC(2)), 1.93 – 1.87 (m, 
2 H, H2C(3)), 1.86 – 1.82 (m, 1 H, HC(2)), 1.14 (s, 9 H, H3C(7)). 
  Minor 
7.72 (s, 1 H, HC(11)), 7.59 (s, 2 H, HC(9)), 5.01 (dd, J = 8.1, 3.5 Hz, 1 H, 
HC(1)), 3.58 – 3.52 (m, 2 H, HC(4)), 2.40 – 2.33 (m, 1 H, HC(2)), 1.93 – 1.87 (m, 
2 H, H2C(3)), 1.81 – 1.75 (m, 1 H, HC(2)), 1.44 (s, 9 H, H3C(7)). 
13C NMR:  (126 MHz, CDCl3, −20 °C) 
265 
 
 Major 
 154.1 (C(5)), 147.7 (C(8)), 131.3 (q, J = 33.4 Hz, C(10)), 125.8 (C(9)), 123.2  (q, 
J = 272.6 Hz, C(12)), 120.5 (C(11)), 79.9 (C(6)), 60.8 (C(1)), 47.2 (C(4)), 36.1 
(C(2)), 27.9 (C(7)), 23.4 (C(3)). 
 Minor 
 154.5 (C(5)), 146.6 (C(8)), 131.4 (q, J = 33.2 Hz, C(10)), 125.4 (C(9)), 123.3  (q, 
J = 272.6 Hz, C(12)), 120.5 (C(11)), 80.1 (C(6)), 60.2 (C(1)), 47.4 (C(4)), 34.8 
(C(2)), 28.3 (C(7)), 23.5 (C(3)). 
19F NMR:  (470 MHz, CDCl3) 
  −63.31 
 IR: (neat) 
  2978 (m), 2882 (m), 1699 (s), 1624 (w), 1479 (m), 1457 (m),1392 (s), 1278 (s), 
1169 (s), 1133 (s), 1027 (w), 974 (w), 928 (w), 898 (m), 846 (w), 776 (w), 707 
(m) 
 MS: (EI, 70 eV) 
  383.1 (M+, 7), 328.1 (100), 308.1 (50), 282.1 (48), 267.1 (49), 255.1 (48), 227.0 
(34) 
 HRMS: (ESI) 
  Calc. for C17H20NO2F6: 384.1398, found: 384.1404 
 TLC: Rf  0.26  (hexane/CH2Cl2, 1/4) [silica gel, KMnO4] 
 Opt. Rot.: [α]D
24 +68.9 (c = 0.5, acetone) 
 
 (R)-2-(3,5-Bis(trifluoromethyl)phenyl)pyrrolidine (59d) [TC-22-81] 
 
To an oven-dried, 10-mL, round-bottom flask equipped with a stir bar, an argon inlet 
adaptor and a septum, was added N-Boc-(R)-2-(3,5-bistrifluoromethylphenyl)pyrrolidine 58d (61 
mg, 0.16 mmol, 1 equiv). After three cycles of evacuation and argon fill, dichloromethane (1.6 
mL) was added. The colorless solution was cooled to 0 °C, and TMSI (25 µL, 0.17 mmol, 1.05 
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equiv) was added. The resulting light burgundy solution was stirred at 0 °C for 1.5 h and then 
quenched with an aqueous of saturated NaHCO3/saturated Na2S2O3 (1:1, 3.2 mL). After vigorous 
stirring for a few minutes, the organic phase was saved and the aqueous phase was extracted with 
dichloromethane (1.5 mL × 3). The combined organic extracts was dried over Na2SO4, filtered 
and concentrated. Purification by column chromatography (SiO2, 1 × 16 cm, CH2Cl2/MeOH, 
98/2) afforded 40 mg (88%) of 59d as a pale yellow liquid. 
 
Data for 59d: 
 1H NMR:      (500 MHz, CDCl3)   
7.86 (s, 2 H, HC(6)), 7.73 (s, 1 H, HC(8)), 4.28 (t, J = 4.3 Hz, 1 H, HC(1)), 3.22 – 
3.17  (m, 1 H, HC(4)), 3.12 – 3.06 (m, 1 H, HC(4)), 2.31 – 2.24 (m, 1 H, HC(2)),  
1.98 (s, 1 H, NH), 1.96 – 1.82 (m, 2 H, HC(3)), 1.67 – 1.59 (m, 1 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 148.4 (C(5)), 131.4 (q, J = 33.0 Hz, C(7)), 126.7 (C(6)), 123.5 (q, J = 272.6 Hz, 
C(9)), 120.6 (C(8)), 61.4 (C(1)), 47.0 (C(4)), 34.9 (C(2)), 25.5 (C(3)). 
19F NMR:  (470 MHz, CDCl3) 
  −63.21 
 IR: (CDCl3 film) 
  2965 (w), 2871 (w), 1622 (w), 1464 (w), 1380 (m), 1352 (w), 1279 (s), 1171 (s), 
1131 (s), 896 (m), 842 (m) 
 
(R)-(2-(3,5-Bis(trifluoromethyl)phenyl)pyrrolidin-1-yl)(3,5-dinitrophenyl)methanone (59d-
DNB) [TC-22-82] 
 
 To a 10 mL, one-necked round-bottom flask equipped with a stir bar, an argon inlet 
adaptor and a septum was added (R)-2-(3,5-Bis(trifluoromethyl)phenyl)pyrrolidine 59d (38 mg, 
0.13 mmol, 1 equiv). After three quick cycles of evacuation and argon fill (59d is volatile), THF 
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(1.4 mL), 3,5-dinitrobenzoylchloride (35 mg, 0.15 mmol, 1.1 equiv) and Et3N (190 µL, 1.34 
mmol, 10 equiv) were added to give a heterogeneous mixture. After stirring at 21 °C for 4.5 h, 
THF was removed under reduced pressure. The crude product was taken up with Et2O (1.5 mL) 
and washed with a 5% NaOH (3 mL). The organic phase was saved and the aqueous phase was 
extracted with Et2O (1.5 mL × 3). The combined organic phases was dried over Na2SO4, 
filtered and concentrated to give a brown sticky oil. Purification by column chromatography 
(SiO2, 1 × 21 cm, CH2Cl2/hexane, 9/1) afforded 61 mg (94%) of 59d-DNB as a white, foamy 
liquid. Spectroscopy data for major conformer is shown. 
 
Data for 50d-DNB: 
 1H NMR:      (500 MHz, CDCl3)  
9.14 (s, 1 H, HC(9)), 8.77 (s, 2 H, HC(7)), 7.80 (s, 1 H, HC(13)), 7.77 (s, 2 H, 
HC(11)), 5.36 (t, J = 7.0 Hz, 1 H, HC(1)), 3.96 (app q, J = 7.5 Hz, 1 H, HC(4)),  
3.75 – 3.71 (m, 1 H, HC(4)), 2.64 – 2.58 (m, 1 H, HC(2)), 2.18 – 2.00 (m, 3 H, 
HC(2) and H2C(3)). 
13C NMR:  (126 MHz, CDCl3) 
 165.2 (C(5)), 148.5 (C(Aryl)), 144.7 (C(Aryl)), 139.2 (C(Aryl)), 123.1  (q, J = 
33.5 Hz, C(12)), 127.7 (C(Aryl)), 126.2 (C(Aryl)), 123.2  (q, J = 272.8 Hz, 
C(14)), 122.6 (C(Aryl)), 120.4 (C(Aryl)), 61.9 (C(1)), 51.2 (C(4)), 34.6 (C(2)), 
25.6 (C(3)). 
19F NMR:  (470 MHz, CDCl3) 
  −63.23 
 IR: (CDCl3 film) 
  3104 (m), 2981 (m), 2883 (m), 1818 (w), 1643 (s), 1591 (m), 1546 (s), 1467 (s), 
1409 (s), 1380 (s), 1344 (s), 1278 (s), 1181 (s), 1132 (s), 968 (m), 870 (m), 846 
(m), 836 (m), 706 (s) 
 MS: (EI, 70 eV) 
  478.1 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C19H14N3O5F6: 478.0838, found: 478.0835 
 TLC: Rf  0.23  (CH2Cl2) [silica gel, UV] 
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 SFC: (S)-59d-DNB, tR 7.6 min (4%); (R)-59d-DNB, tR 18.5 min (96%); 
  ((R,R)-Whelk-O1, 200 bar, 5% MeOH in CO2, 2.5 mL/min, 220 nm, 40 °C) 
 
N-Boc-(R)-2-(1-Naphthyl)pyrrolidine (58k) [TC-17-62] 
 
Following Representative Procedure III, (–)-sparteine (1.4 mL, 6 mmol, 1.2 equiv), N-
Boc-pyrrolidine 1.02 g, 6 mmol, 1.2 equiv), TBME (14 mL), s-BuLi (1.66 M in cyclohexane, 
3.65 mL, 6 mmol, 1.2 equiv), ZnCl2 (1 M in Et2O, 3 mL, 3 mmol, 0.6 equiv), 1-
bromonaphthalene (0.64 mL, 5 mmol, 1 equiv), t-Bu3P-HBF4 (88 mg, 0.3 mmol, 0.06 equiv) and 
Pd(OAc)2 (55 mg, 0.24  mmol, 0.048 equiv) were combined in a 50 mL Schlenk reaction flask. 
After stirring at 20 °C for 20.5 h, the reaction was quenched, filtered, subjected to aqueous 
washes and then concentrated. Purification by column chromatography (SiO2, 3 × 26 cm, 
CH2Cl2/hexane, 9/1) afforded 0.71 g (48%) of 58k as a pale yellow solid (a rotameric mixture, 
62:38). The spectroscopic data matched those from the literature.127 
 
Data for 58k: 
 1H NMR:      (400 MHz, CDCl3) 
  8.00 (d, J = 8.1 Hz, 1 H), 7.89 - 7.83 (m, 1 H), 7.75 - 7.72 (m, 1 H), 7.52 - 7.43 
(m, 2 H), 7.41 (t, J = 7.7 Hz, 1 H), 7.26 - 7.24 (m, 1 H), 5.77 - 5.75 (m, 0.38 H), 
5.61-5.60 (m, 0.62 H), 3.79 - 3.58 (m, 2 H), 2.49 - 2.41 (m, 1 H), 1.92 - 1.81 (m, 3 
H), 1.48 (s, 3 H), 1.10 (s, 6 H). 
 TLC: Rf  0.33 (CH2Cl2/hexane, 9/1) [silica gel, UV, KMnO4] 
 SFC: (R)-58k, tR 6.2 min (6%); (S)-58k, tR 7.1 min (94%); 
  (Chiralpak OJ, 200 bar, 1 mg/mL, 1-10% MeOH in CO2, 2 mL/min, 220 nm, 40 
°C) 
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Preparation of N-Boc-(2R,5R)-2,5-Diarylpyrrolidine 
N-Boc-(2R,5R)-2,5-Bis(4-methoxyphenyl)pyrrolidine (64a) [TC-22-42] 
 
Following General Procedure IV, N-Boc-(R)-2-(4-methoxyphenyl)pyrrolidine 58a (1.22 
g, 4.4 mmol, 1.2 equiv), (–)-sparteine (1.0 mL, 4.4 mmol, 1.2 equiv), TBME (11 mL) and 
toluene (2.2 mL), s-BuLi (1.74 M in cyclohexane, 2.5 mL, 4.4 mmol, 1.2 equiv), ZnCl2 (1 M in 
Et2O, 2.65 mL, 2.65 mmol, 0.72 equiv), 4-bromoanisole (0.46 mL, 3.7 mmol, 1 equiv), t-Bu3P-
HBF4 (64 mg, 0.22 mmol, 0.06 equiv) and Pd(OAc)2 (41 mg, 0.18  mmol, 0.048 equiv) were 
combined in a 50 mL Schlenk reaction flask. After stirring at 60 °C for 14 h under argon, the 
reaction was quenched, filtered, subjected to aqueous washes and then concentrated to give an 
orange oil. Purification by column chromatography (SiO2, 4.5 × 28 cm, hexane/EtOAc, gradient 
elution, 7/1 then 4/1) afforded 364 mg (26%) of 64a as a mixture of white solid and colorless oil. 
Recrystallization from hexane afforded 259 mg (18%) of 64a as colorless, star-shaped crystals. 
Two sets of NMR signals for the 2,5-diarylpyrrolidine moiety were observed due to hindered 
rotation of Boc group.  
 
Data for 64a: 
 1H NMR:      (500 MHz, CDCl3, −20 °C) 
7.17 (d, J = 8.6 Hz, 2 H, HC(7)), 7.13 (d, J = 8.6 Hz, 2 H, HC(7)), 6.88 (d, J = 8.7 
Hz, 2 H, HC(8)), 6.86 (d, J = 8.6 Hz, 2 H, HC(8)), 5.25 (d, J = 7.2 Hz, 1 H, 
HC(1)), 5.09 (d, J = 7.1 Hz, 1 H, HC(1)), 3.82 (s, 3 H, HC(10)), 3.79 (s, 3 H, 
HC(10)), 2.49 – 2.30 (m, 2 H, HC(2)), 1.72 – 1.63 (m, 2 H, HC(2)), 1.14 (s, 9 H, 
H3C(5)). 
13C NMR:  (126 MHz, CDCl3, −20 °C) 
158.1 (C(9)), 157.9 (C(9)), 154.0 (C(3)), 137.2 (C(6)), 135.9 (C(6)), 126.2 (C(7)), 
126.1 (C(7)), 113.7 (C(8)), 113.2 (C(8)), 79.3 (C(4)), 61.5 (C(1)), 60.8 (C(1)), 
55.2 (C(10)), 32.1 (C(2)), 31.5 (C(2)), 28.0 (C(5)).   
 IR: (CDCl3 film) 
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  2974 (m), 2836 (m), 1693 (s), 1612 (m), 1586 (m), 1513 (s), 1462 (m), 1294 (m), 
1247 (s), 1208 (m), 1174 (s), 1119 (s), 1036 (s), 977 (w), 901 (m), 829 (s), 810 
(m), 779 (m), 731 (m), 647 (w), 633 (w). 
 MS: (EI, 70 eV) 
  383.2 (M+, 7), 326.1 (100), 282.1 (27), 255.1 (54), 220.1 (23), 193.1 (84), 176.1 
(24), 148.1 (25), 134.1 (73), 121.1 (18), 57.1 (54) 
 HRMS: (ESI) 
  Calc. for C23H30NO4: 384.2175, found: 384.2175 
 TLC: Rf  0.38 (hexane/EtOAc, 4/1) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +155.6 (c = 0.2, acetone) 
 
N-Boc-(2R,5R)-2,5-Bis(2-naphthyl)pyrrolidine (64f) [TC-22-63] 
 
Following General Procedure IV, N-Boc-(R)-2-(2-naphthyl)pyrrolidine 58f (1.43 g, 4.8 
mmol, 1.2 equiv), (–)-sparteine (1.1 mL, 4.8 mmol, 1.2 equiv), TBME (12 mL) and toluene (2.4 
mL), s-BuLi (1.74 M in cyclohexane, 2.75 mL, 4.8 mmol, 1.2 equiv), ZnCl2 (1 M in Et2O, 2.9 
mL, 2.9 mmol, 0.72 equiv), 2-bromonaphthalene (828 mg, 4.0 mmol, 1 equiv), t-Bu3P-HBF4 (71 
mg, 0.23 mmol, 0.06 equiv) and Pd(OAc)2 (44 mg, 0.19  mmol, 0.048 equiv) were combined in a 
50 mL Schlenk reaction flask. After stirring at 60 °C for 14 h under argon, the reaction was 
quenched, filtered, subjected to aqueous washes and then concentrated to give an orange oil. 
Purification by column chromatography (SiO2, 5.5 × 22 cm, CH2Cl2/hexane, gradient elution, 
7/3, 8/2 then 9/1) afforded 619 mg (37%) of 64f as a white solid which is contaminated by ~6% 
of the corresponding pyrroline. Two sets of NMR signals for the 2,5-diarylpyrrolidine moiety 
were observed due to hindered rotation of Boc group. The spectroscopic data matched those 
from the literature.127 
 
Data for 64f: 
 1H NMR:      (500 MHz, CDCl3, −20 °C) 
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  7.90 – 7.82 (m, 6 H, HC(Aryl)), 7.71 (s, 1 H, HC(6)), 7.69 (s, 1 H, HC(6)), 7.55 – 
7.40  (m, 6 H, HC(Aryl)), 5.58 (d, J = 7.6 Hz, 1 H, HC(1)), 5.44 (d, J = 7.8 Hz, 1 
H, HC(1)), 2.61 – 2.50 (m, 2 H, H2C(2)), 1.87 – 1.77 (m, 2 H, H2C(2)), 1.13 (s, 9 
H, H3C(5)). 
13C NMR:  (126 MHz, CDCl3, −20 °C) 
 154.2 (C(3)), 142.2 (C(7)), 141.0 (C(7)), 133.2 (C(10) or C(15)), 133.0 ((C(10) or 
C(15)), 132.5 (C(10) or C(15)), 132.2 ((C(10) or C(15)), 128.4 (C(Aryl)), 128.0 
(C(Aryl)), 127.8 (C(Aryl)), 127.6 (C(Aryl)), 127.6 (C(Aryl)), 127.5 (C(Aryl)), 
126.1 (C(Aryl)), 125.9 (C(Aryl)), 125.4 (C(Aryl)), 125.4 (C(Aryl)), 124.2 
(C(Aryl)), 124.0 (C(Aryl)), 123.2 (C(Aryl)), 79.6 (C(4)), 62.3 (C(1)), 61.7 (C(1)), 
31.9 (C(2)), 31.2 (C(2)), 28.0 (C(5)). 
 IR: (CDCl3 film) 
  3053 (m), 2975 (m), 2247 (w), 1694 (s), 1633 (m), 1601 (m), 1508 (m), 1477(m), 
1454 (m), 1383 (s), 1320 (m), 1269 (m), 1255 (m), 1171 (m), 1128 (m), 1111 (m), 
1049 (w), 1018 (w), 981 (w), 961 (w), 909 (m), 855 (m), 817 (m), 780 (m), 732 
(s), 646 (m) 
 MS: (EI, 70 eV) 
  423.2 (M+, 4), 367.1 (6), 354.1 (9), 322.1 (6), 295.1 (11), 279.1 (7), 239.1 (13), 
213.1 (16), 194.1 (33), 167.0 (24), 155.0 (60), 149.0 (36), 127.0 (47), 115.0 (10), 
97.1 (12), 83.1 (14), 71.1 (19) 
 HRMS: (ESI) 
  Calc. for C29H30NO2: 424.2277, found: 424.2285 
 TLC: Rf  0.26 (CH2Cl2/hexane, 9/1) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +146.6 (c = 0.2, acetone) 
 
N-Boc-(2R,5R)-2,5-Bis(3,5-dimethylphenyl)pyrrolidine (64g) [TC-22-88] 
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Following General Procedure IV, N-Boc-(R)-2-(3,5-dimethyphenyl)pyrrolidine 58g (1.28 
g, 4.7 mmol, 1.2 equiv), (–)-sparteine (1.1 mL, 4.7 mmol, 1.2 equiv), TBME (12 mL) and 
toluene (2.4 mL), s-BuLi (1.74 M in cyclohexane, 2.7 mL, 4.7 mmol, 1.2 equiv), ZnCl2 (1 M in 
Et2O, 2.8 mL, 2.8 mmol, 0.72 equiv), 1-bromo-3,5-dimethylbenzene (0.54 mL, 3.9 mmol, 1 
equiv), t-Bu3P-HBF4 (69 mg, 0.23 mmol, 0.06 equiv) and Pd(OAc)2 (45 mg, 0.19  mmol, 0.048 
equiv) were combined in a 50 mL Schlenk reaction flask. After stirring at 60 °C for 14 h under 
argon, the reaction was quenched, filtered, subjected to aqueous washes and then concentrated to 
give an orange oil. Purification by column chromatography (SiO2, 4.5 × 23 cm, CH2Cl2/hexane, 
gradient elution, 1/1 then 2/1) afforded 390 mg (27%) of 64g as a white solid. Recrystallization 
from hexane afforded 311 mg (21%) of 64g as a light pink cube. Two sets of NMR signals for 
the 2,5-diarylpyrrolidine moiety were observed due to hindered rotation of Boc group.  
 
Data for 64g: 
 1H NMR:      (500 MHz, CDCl3)   
6.86 (br s, 2 H, HC(6)), 6.83 (br s, 2 H, HC(4)), 6.81 (br s, 2 H, HC(4)), 5.22  (d, 
J = 7.1, 1 H, HC(1)), 5.05 (d, J = 7.1, 1 H, HC(1)), 2.45 – 2.41 (m, 2 H, H2C(2)),  
2.31 (s, 12 H, H3C(10)), 1.72 – 1.67 (m, 2 H, HC(2)), 1.15 (s, 9 H, H3C(5)). 
13C NMR:  (126 MHz, CDCl3) 
 154.1 (C(3)), 145.2 (C(6)), 144.0 (C(6)), 137.8 (C(8)), 137.5 (C(8)), 128.5 (C(9)), 
128.0 (C(9)), 123.2 (C(7)), 123.0 (C(7)), 79.2 (C(4)), 62.3 (C(1)), 61.7 (C(1)), 
32.2 (C(2)), 31.6 (C(2)), 28.1 (C(5)), 21.5 (C(10)), 21.3 (C(10)). 
 IR: (CDCl3 film) 
  2974 (m), 2918 (m), 1699 (s), 1604 (m), 1476 (m), 1455 (m), 1383 (s), 1268 (w), 
1255 (w), 1172 (m), 1117 (m), 1055 (w), 957 (w), 845 (m), 775 (w), 703 (m) 
 MS: (ESI) 
  380.3 (M+H, 28), 324.2 (100), 218.1 (6) 
 HRMS: (ESI) 
  Calc. for C25H34NO2: 380.2590, found: 380.2594 
 TLC: Rf  0.33  (hexane/CH2Cl2, 9/1) [silica gel, UV] 
 Opt. Rot.: [α]D
24 142.0 (c = 0.2, acetone) 
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N-Boc-(2R,5R)-2,5-Bis(5-phenylbiphenyl-3-yl)pyrrolidine (64h) [TC-22-99] 
 
Following General Procedure IV, N-Boc-(R)-2-(5-phenylbiphenyl-3-yl)pyrrolidine 64h 
(2.33 g, 5.8 mmol, 1.2 equiv), (–)-sparteine (1.35 mL, 5.8 mmol, 1.2 equiv), TBME (15 mL) and 
toluene (3.0 mL), s-BuLi (1.74 M in cyclohexane, 3.35 mL, 5.8 mmol, 1.2 equiv), ZnCl2 (1 M in 
Et2O, 3.5 mL, 3.5 mmol, 0.72 equiv), 1-bromo-3,5-diphenylbenzene (1.50 g, 4.9 mmol, 1 equiv), 
t-Bu3P-HBF4 (85 mg, 0.29 mmol, 0.06 equiv) and Pd(OAc)2 (54 mg, 0.23  mmol, 0.048 equiv) 
were combined in a 50 mL Schlenk reaction flask. After stirring at 60 °C for 14 h under argon, 
the reaction was quenched, filtered, subjected to aqueous washes and then concentrated to give 
an orange oil. Purification by column chromatography (SiO2, 4.5 × 25 cm, hexane/EtOAc, 14/1) 
afforded 633 mg of 64h and contaminants. Further purification by column chromatography 
(SiO2, 3.5 × 25 cm, hexane/CH2Cl2, 1/1) afforded 540 mg (18%) of 64h as a fine white powder. 
Two sets of NMR signals for the 2,5-diarylpyrrolidine moiety were observed due to hindered 
rotation of Boc group. The spectroscopic data matched those from the literature.127 
 
Data for 64h: 
 1H NMR:      (500 MHz, CDCl3) 
  7.72 – 7.70 (m, 1 H, HC(Aryl)), 7.68 – 7.64 (m, 9 H, HC(Aryl)), 7.51 – 7.44 (m, 
12 H, HC(Aryl)), 7.42 – 7.36  (m, 4 H, HC(Aryl)), 5.53 (d, J = 7.7 Hz, 1 H, 
HC(1)), 5.32 (d, J = 7.9 Hz, 1 H, HC(1)), 2.68 – 2.52 (m, 2 H, H2C(2)), 1.87 – 
1.77 (dd, J = 12.7, 5.9 Hz, 2 H, HC(2)), 1.21 (s, 9 H, H3C(5)). 
13C NMR:  (126 MHz, CDCl3) 
154.1 (C(3)), 146.4 (C(6)), 144.8 (C(6)), 142.1 (C(Aryl)), 141.9 (C(Aryl)), 141.5 
(C(Aryl)), 141.1 (C(Aryl)), 128.8 (C(Aryl)), 128.7 (C(Aryl)), 127.5 (C(Aryl)), 
127.4 (C(Aryl)), 127.3 (C(Aryl)), 127.2 (C(Aryl)), 125.0 (C(Aryl)), 124.6 
(C(Aryl)), 123.2 (C(Aryl)), 123.1 (C(Aryl)), 79.7 (C(4)), 62.6 (C(1)), 61.8 (C(1)), 
32.3 (C(2)), 31.9 (C(2)), 28.2 (C(5)).   
 IR: (CDCl3 film) 
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  3032 (w), 2974 (m), 1695 (s), 1596 (m), 1576 (m), 1497 (m), 1477 (w), 1454 (m), 
1434 (m), 1385 (s), 1365 (m), 1272 (w), 1159 (m), 1120 (m), 1075 (w), 1048 (w), 
1029 (w), 909 (m), 875 (m), 757 (s), 741 (s), 698 (s). 
 MS: (EI, 70 eV) 
  627.4 (M+, 6), 570.3 (34), 526.3 (46), 499.3 (38), 446.2 (60), 315.2 (66), 271.2 
(100), 256.1 (80), 241.1 (21), 56.1 (78) 
 HRMS: (ESI) 
  Calc. for C45H42NO2: 628.3216, found: 628.3221 
 TLC: Rf  0.12 (hexane/CH2Cl2, 1/1) [silica gel, UV] 
 Opt. Rot.: [α]D
24 +49.6 (c = 0.2, acetone) 
 
N-Boc-(2R,5R)-2,5-Bis(2-tolyl)pyrrolidine (64i) [TC-23-56] 
 
 
Following General Procedure IV, N-Boc-(R)-2-(2-tolyl)pyrrolidine 58i (1.68 g, 6.4 mmol, 
1.2 equiv), (–)-sparteine (1.5 mL, 6.4 mmol, 1.2 equiv), TBME (16 mL) and toluene (3.2 mL), s-
BuLi (1.74 M in cyclohexane, 3.7 mL, 6.4 mmol, 1.2 equiv), ZnCl2 (1 M in Et2O, 3.9 mL, 3.9 
mmol, 0.72 equiv), 2-bromotoluene (0.64 mL, 5.4 mmol, 1 equiv), t-Bu3P-HBF4 (95 mg, 0.32 
mmol, 0.06 equiv) and Pd(OAc)2 (59 mg, 0.26  mmol, 0.048 equiv) were combined in a 100 mL 
Schlenk reaction flask. After stirring at 60 °C for 14 h under argon, the reaction was quenched, 
filtered, subjected to aqueous washes and then concentrated to give an orange oil. Purification by 
column chromatography (SiO2, 4.5 × 30 cm, hexane/EtOAc, 92/8) afforded 413 mg (22%) of 64i 
as a white solid. Recrystallization from hexane afforded 320 mg (17%) of 64i as a light pink 
cube. Two sets of NMR signals for the 2,5-diarylpyrrolidine moiety were observed due to 
hindered rotation of Boc group.  
 
Data for 64i: 
 1H NMR:      (500 MHz, CDCl3) 
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  7.23 – 7.14 (m, 8 H, HC(Aryl)), 5.50 (d, J = 8.0 Hz, 1 H, HC(1)), 5.37 (d, J = 8.2 
Hz, 1 H, HC(1)), 2.52 – 2.36 (m, 2 H, H2C(2)), 2.42 (s, 3 H, H3C(12)), 2.39 (s, 3 
H, H3C(12)), 1.64 (dd, J = 12.1, 6.3 Hz, 2 H, H2C(2)), 1.13 (s, 6 H, H3C(5)), 
13C NMR:  (126 MHz, CDCl3) 
 153.7 (C(3)), 143.0 (C(Aryl)), 141.5 (C(Aryl)), 134.2 (C(Aryl)), 133.7 (C(Aryl)), 
130.8 (C(Aryl)), 130.1 (C(Aryl)), 126.6 (C(Aryl)), 126.4 (C(Aryl)), 125.8 
(C(Aryl)), 125.7 (C(Aryl)), 124.3 (C(Aryl)), 123.7 (C(Aryl)), 79.2 (C(4)), 59.1 
(C(1)), 58.9 (C(1)), 30.0 (C(2)), 29.5 (C(2)), 28.0 (C(5)), 19.3 (C(12)), 19.3 
(C(12)). 
 IR: (CDCl3 film) 
  3066 (w), 3017 (w), 2973 (m), 2871 (w), 1698 (m), 1604 (w), 1485 (w), 1461 (w), 
1383 (m), 1285 (w), 1250 (w), 1180 (m), 1159 (m), 1128 (m), 1101 (w), 976 (w), 
792 (w), 752 (w) 
 MS: (EI, 70 eV) 
  351.2 (M+, 5), 295.2 (100), 223.2 (71), 164.1 (57), 119.1 (69) 
 HRMS: (ESI) 
  Calc. for C23H30NO2: 352.2277, found: 352.2278 
 TLC: Rf  0.33 (hexane/EtOAc, 92/8) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +126.4 (c = 0.2, acetone) 
 
N-Boc-(2R,5R)-2,5-Bis(5-methyl-2-thienyl)pyrrolidine (64j) [TC-23-82] 
 
Following General Procedure IV, N-Boc-(R)-2-(5-methyl-2-thienyl)pyrrolidine 58j (1.94 
g, 7.3 mmol, 1.2 equiv), (–)-sparteine (1.7 mL, 7.3 mmol, 1.2 equiv), TBME (18 mL) and 
toluene (3.6 mL), s-BuLi (1.465 M in cyclohexane, 5.0 mL, 7.3 mmol, 1.2 equiv), ZnCl2 (1 M in 
Et2O, 4.35 mL, 4.35 mmol, 0.72 equiv), 2-bromo-5-methylthiophene (0.59 mL, 6.1 mmol, 1 
equiv), t-Bu3P-HBF4 (108 mg, 0.36 mmol, 0.06 equiv) and Pd(OAc)2 (68 mg, 0.29  mmol, 0.048 
equiv) were combined in a 100 mL Schlenk reaction flask. After stirring at 60 °C for 18 h under 
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argon, the reaction was quenched, filtered, subjected to aqueous washes and then concentrated to 
give an orange oil. Purification by column chromatography (SiO2, 4.5 × 30 cm, CH2Cl2/hexane, 
3/2) afforded 440 mg (20%) of 64j as a tanned solid. Recrystallization from hexane afforded 291 
mg (13%) of 64j as a white fluffy needle. Two sets of NMR signals for the 2,5-diarylpyrrolidine 
moiety were observed due to hindered rotation of Boc group.  
 
Data for 64j: 
 1H NMR:      (500 MHz, CDCl3)   
6.68 (d, J = 3.2 Hz, 1 H, HC(7)), 6.61 (d, J = 3.2 Hz, 1 H, HC(7)), 6.57 – 6.54 (m, 
2 H, HC(8)), 5.32 (d, J = 6.9 Hz, 1 H, HC(1)), 5.15 (d, J = 6.9 Hz, 1 H, HC(1)), 
2.59 – 2.49 (m, 2 H, H2C(2)), 2.44 (s, 3 H, H3C(7)), 2.42 (s, 3 H, H3C(7)), 1.94 – 
1.84 (m, 2 H, H2C(2)), 1.26 (s, 9 H, H3C(5)). 
13C NMR:  (126 MHz, CDCl3) 
 153.7 (C(3)), 146.3 (C(6)), 145.4 (C(6)), 137.6 (C(9)), 137.5 (C(9)), 124.7 (C(8)), 
124.1 (C(8)), 123.0 (C(7)), 122.9 (C(7)), 79.7 (C(4)), 57.6 (C(1)), 56.9 (C(1)), 
32.9 (C(2)), 31.9 (C(2)), 28.2 (C(5)), 15.3 (C(10)). 
 IR: (CDCl3 film) 
  3059 (w), 2977 (m), 2920 (w), 2871 (w), 1692 (s), 1478 (w), 1441 (w), 1374 (s), 
1363 (s), 1298 (w), 1272 (m), 1227 (w), 1174 (m), 1112 (m), 1049 (w), 965 (w), 
893 (w), 795 (m) 
 MS: (EI, 70 eV) 
  363.3 (M+, 14), 306.2 (26), 209.2 (28), 183.1 (68), 164.1 (37), 124.1 (44), 54.9 
(100) 
 HRMS: (ESI) 
  Calc. for C19H26NO2S2: 364.1405, found: 364.1407 
 TLC: Rf  0.24 (hexane/CH2Cl2, 4/6) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +148.2 (c = 0.2, acetone) 
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Preparation of (R)-2-Arylpyrrolidine 
(R)-2-(4-Methoxyphenyl)pyrrolidine (59a) [TC-22-36] 
 
 To an oven-dried, 25-mL, Schlenk reaction flask equipped with a stir bar, a septum and 
an internal temperature probe was added N-Boc-(R)-2-(4-methoxyphenyl)pyrrolidine (58a) (330 
mg, 1.2 mmol, 1 equiv). After three cycles of evacuation and argon fill, dichloromethane (6 mL) 
was added. The colorless solution was cooled to 0 °C, and TMSI (185 µL, 1.26 mmol, 1.05 
equiv) was added dropwise. The resulting light brown solution was stirred at 0 °C for 1 h and 
then cannulated into an aqueous solution prepared from saturated NaHCO3/saturated Na2S2O3 
(1:1, 20 mL). After vigorous stirring for 10 minutes, the aqueous layer was extracted with 
dichloromethane (10 mL × 3). The combined organic extract was dried over Na2SO4, filtered and 
concentrated to give 228 mg (93%) of 59a as a light yellow oil with good purity based on 1H 
NMR analysis. The crude product was used without further purification. The spectroscopic data 
matched those from the literature.274  
 
Data for 59a: 
 1H NMR:      (500 MHz, CDCl3) 
  7.28 (d, J = 8.7 Hz, 2 H, HC(6)), 6.85 (d, J = 8.7 Hz, 2 H, HC(7)), 4.06 (dd, J = 
8.7, 6.9 Hz, 1 H, HC(1)), 3.79 (s, 3 H, H3C(9)), 3.16 (ddd, J = 10.4, 7.9, 5.5 Hz, 1 
H, HC(4)), 3.10 (br s, 1 H, NH), 2.96 (ddd, J = 10.4, 8.4, 6.5 Hz, 1 H, HC(4)), 
2.15 (dddd, J = 12.6, 8.3, 6.9, 4.5 Hz, 1 H, HC(2)), 1.99 – 1.78 (m, 2 H, H2C(3)), 
1.67 (dtd, J = 12.4, 9.1, 7.8 Hz, 1 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 158.6 (C(8)), 135.7 (C(5)), 127.7 (C(6)), 113.8 (C(7)), 62.1 (C(1)), 55.2 (C(9)), 
46.6 (C(4)), 33.9 (C(2)), 25.4 (C(3)). 
 IR: (neat) 
  3331 (w), 2957 (m), 2871 (m), 2834 (m), 1612 (m), 1584 (w), 1512 (s), 1462 (m), 
1441(m), 1396 (m), 1300 (m), 1246 (s), 1179 (m), 1106 (w), 1035 (m), 904 (w), 
828 (m), 730 (w) 
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 MS: (EI, 70 eV) 
  177.1 (M+, 42), 176.1 (60), 149.1 (43), 148.1 (100), 134.0 (23), 118.1 (11), 91.1 
(7), 77.1 (8), 70.1 (16) 
 HRMS: (ESI) 
  Calc. for C16H16NO: 178.1232, found: 178.1238 
 
(R)-2-(2-Naphthyl)pyrrolidine (59f) [TC-22-47] 
 
 To an oven-dried, 25 mL, two-necked, round-bottom flask, equipped with a stir bar, a 
septum and an argon inlet was added N-Boc-(R)-2-(2-naphthyl)pyrrolidine 58f (356 mg, 1.2 
mmol, 1 equiv). After three cycles of evacuation and argon fill, dichloromethane (1.8 mL) was 
added to give a pale yellow solution. Trifluoroacetic acid (460 µL, 6 mmol, 5 equiv) was added 
at 22 °C, and the reaction was stirred under argon for 8.5 h. The reaction was cooled to 0 °C and 
quenched with an aqueous solution of NH4OH (30%, 6 mL), resulting the formation of white 
fume and white solid. After vigorously stirring at room temperature for 5 minutes, all solid 
dissolved. The organic phase was saved and the aqueous phase was extracted with 
dichloromethane (3 mL × 4). The combined organic extract was dried over Na2SO4, filtered and 
concentrated to afford 230 mg (97%) of 59f as a pale yellow oil with good purity based on NMR 
analysis. The crude product was used without further purification.  
 
Data for 59f: 
 1H NMR:      (500 MHz, CDCl3) 
  7.83 – 7.80 (m, 4 H, HC(Aryl)), 7.51 – 7.42  (m, 3 H, HC(Aryl)), 4.29 (t, J = 7.7, 
3.6 Hz, 1 H, HC(1)), 3.26 (ddd, J = 10.1, 7.8, 5.2 Hz, 1 H, HC(4)), 3.08 (ddd, J = 
10.1, 8.3, 6.7 Hz, 1 H, HC(4)), 2.30 – 2.20 (m, 2 H, HC(2) and NH), 2.02 – 1.85 
(m, 2 H, H2C(3)), 1.81 – 1.73 (m, 1 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 142.2 (C(6)), 133.4 (C(9) or C(14)), 132.6 ((C(14) or C(9)), 128.0 (C(Aryl)), 
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127.7 (C(Aryl)), 127.5 (C(Aryl)), 125.9 (C(Aryl)), 125.4 (C(Aryl)), 125.2 (C(5) 
or C(7)), 124.6 (C(5) or C(7)), 61.6 (C(1)), 47.0 (C(4)), 34.3 (C(2)), 25.6 (C(3)). 
 IR: (neat) 
  3344 (w), 3282 (w), 3053 (m), 2962 (m), 2869 (m), 1676 (w), 1632 (w), 1600 
(w), 1508 (w), 1455 (w), 1441 (w), 1399 (w), 1320 (w), 1269 (w), 1240 (w), 1198 
(w), 1174 (w), 1123 (w), 1099 (w), 1018 (w), 962 (w), 945 (w), 892 (w), 855 (m), 
818 (m), 746 (m) 
 MS: (ESI) 
  198.1 (M+H, 100), 181.1 (73) 
 HRMS: (ESI) 
  Calc. for C14H16N: 198.1283, found: 198.1289 
 
Preparation of (2R,5R)-2,5-Diarylpyrrolidine 
(2R,5R)-2,5-Bis(4-methoxyphenyl)pyrrolidine (65a) [TC-22-44] 
 
Following General Procedure V, a mixture of N-Boc-(2R,5R)-2,5-bis(4-
methoxyphenyl)pyrrolidine 64a (256 mg, 0.67 mmol, 1 equiv), CH2Cl2 (6.7 mL) and 
iodotrimethylsilane (105 µL, 0.7 mmol, 1.05 equiv) was stirred in a 25 mL round-bottom flask at 
0 °C for 1 h under argon and then quenched into a 1:1 mixture of saturated NaHCO3/saturated 
Na2S2O3. The product was extracted into CH2Cl2, dried and concentrated. Purification by column 
chromatography (SiO2, 3.5 × 21 cm, CH2Cl2/MeOH, 98/2) afforded 156 mg (82%) of 65a as a 
slightly tanned, fluffy, needle. 
 
Data for 65a: 
 1H NMR:      (500 MHz, CDCl3) 
7.33 (d, J = 8.6 Hz, 4 H, HC(4)), 6.88 (d, J = 8.6 Hz, 4 H, HC(5)), 4.49 (d, J = 7.0 
Hz, 2 H, HC(1)), 3.81 (s, 3 H, H3C(7)), 2.43 – 2.29 (m, 2 H, HC(2)), 2.18 (s, 1 H, 
NH), 1.97 – 1.80 (m, 2 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
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158.5 (C(6)), 137.7 (C(3)), 127.4 (C(4)), 113.8 (C(5)), 61.6 (C(1)), 55.3 (C(7)), 
35.5 (C(2)). 
 IR: (CDCl3 film) 
  3004 (w), 2959 (m), 2935 (m), 2873 (m), 2835 (m), 1611 (m), 1584 (m), 1512 (s), 
1457 (m), 1443 (m), 1424 (m) 1398 (m), 1353 (w), 1277 (m), 1243 (s), 1178 (s), 
1088 (s), 1031 (s), 815 (s), 783 (m), 693 (m), 663 (m) 
 MS: (EI, 70 eV) 
  283.2 (M+, 23), 255.1 (100), 240.1 (28), 148.1 (17), 134.1 (21), 121.1 (14), 91.1 
(24), 77.1 (14) 
 HRMS: (ESI) 
  Calc. for C18H22NO2: 284.1651, found: 284.1656 
 TLC: Rf  0.38 (CH2Cl2/MeOH, 95/5) [silica gel, KMnO4] 
 Opt. Rot.: [α]D
24 +121.4 (c = 0.2, chloroform) 
 
(2R,5R)-2,5-Bis(2-naphthyl)pyrrolidine (66f) [TC-22-67] 
 
 
Following General Procedure VI, a mixture of N-Boc-(2R,5R)-2,5-bis(2-
naphthyl)pyrrolidine 65f (409 mg, 0.97 mmol, 1 equiv), CH2Cl2 (9.7 mL) and trifluoroacetic acid 
(1.5 mL, 19.4 mmol, 20 equiv) was stirred in a 50 mL round-bottom flask at 0 °C for 6 h under 
argon. The solvent was removed under reduced pressure to give a brown oil and EtOAc (20 mL) 
was added to give a heterogeneous mixture. A 2 M solution of NaOH (20 mL) and Et3N (1 mL) 
was added and vigorously stirred until no solid was visible. The organic layer was saved and the 
aqueous layer was extracted with EtOAc (20 mL × 2). The combined organic extracts were dried 
over Na2SO4, filtered and concentrated to give a mixture of white and brown solid. This mixture 
was taken up by dichloromethane (15 mL), filtered through a pad of Celite (1 cm deep, 30 mL 
size, medium-porosity fritted funnel), eluted with dichloromethane (40 mL), and concentrated to 
give a tanned solid. The crude product was taken up by a minimal amount of dichloromethane 
and loaded onto a column packed with silica (SiO2, 3 × 29 cm) in hexane. Elution with 
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EtOAc/hexane (9/1) afforded 255 mg (81%) of 66f as a white solid contaminated with a small 
amount of 2,5-di(2-naphthyl)-2,5-dihydro-1H-pyrrole125 (<  3 %) based on NMR analysis. The 
spectroscopic data matched those from the literature.127 
 
Data for 66f: 
 1H NMR:      (500 MHz, CDCl3) 
  7.90 – 7.83 (m, 8 H, HC(Aryl)), 7.60 (dd, J = 8.5, 1.8 Hz, 2 H, HC(Aryl)), 7.52 – 
7.44  (m, 4 H, HC(Aryl)), 4.81 (t, J = 6.8 Hz, 2 H, HC(1)), 2.59 – 2.47 (m, 2 H, 
H2C(2)), 2.42 (br s, 1 H, NH), 2.12 – 2.01 (m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 143.2 (C(4)), 133.4 (C(7) or C(12)), 132.7 ((C(7) or C(12)), 128.3 (C(Aryl)), 
127.8 (C(Aryl)), 127.6 (C(Aryl)), 126.0 (C(Aryl)), 125.5 (C(Aryl)), 125.0 
(C(Aryl)), 124.5 (C(Aryl)), 62.5 (C(1)), 35.5 (C(2)). 
 IR: (CDCl3 film) 
  3355 (w), 3052 (m), 2960 (m), 2868 (m), 1632 (w), 1599 (m), 1507 (m), 1442 
(m), 1399 (w), 1366 (w), 1314 (w), 1273 (w), 1173 (w), 1122 (m), 1085 (m), 
1017 (w), 948 (w), 906 (m), 860 (m), 820 (s), 789 (w), 745 (s), 694 (w), 650 (w) 
 MS: (ESI) 
  324.2 (M+H, 100), 307.1 (4), 179.1 (8), 165.1 (7), 141.1 (4) 
 HRMS: (ESI) 
  Calc. for C24H21N: 324.1752, found: 324.1758 
 TLC: Rf  0.34 (hexane/EtOAc, 4/1) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +144.8 (c = 0.2, chloroform) 
 
(2R,5R)-2,5-Bis(3,5-dimethylphenyl)pyrrolidine (65g) [TC-22-90] 
 
 
 Following General Procedure VI, a mixture of N-Boc-(2R,5R)-2,5-bis(3,5-
dimethylphenyl)pyrrolidine 64g (290 mg, 0.77 mmol, 1 equiv), CH2Cl2 (7.7 mL) and 
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trifluoroacetic acid (1.2 mL, 15.4 mmol, 20 equiv) was stirred in a 50 mL round-bottom flask at 
0 °C for 2 h under argon. The solvent was removed under reduced pressure. The brown oil was 
taken up by EtOAc (20 mL) and washed a 2 M solution of NaOH (20 mL). The organic phase 
was saved and the aqueous layer was extracted with EtOAc (20 mL × 2). The combined organic 
extracts was dried over Na2SO4, filtered and concentrated to give a lightly tanned oil. 
Purification by column chromatography (SiO2, 1.5 × 18 cm, CH2Cl2/MeOH, 98/2) afforded 183 
mg (86%) of 65g as a pale yellow oil which became a slightly tanned solid over time.  
 
Data for 65g: 
 1H NMR:      (500 MHz, CDCl3)   
7.14 (s, 4 H, HC(4)), 6.97 (s, 2 H, HC(6)), 4.58  (d, J = 7.6, 2 H, HC(1)), 2.50 – 
2.43 (m, 2 H, H2C(2)),  2.43 (s, 12 H, H3C(7)), 2.15 (br s, 1 H, NH), 2.08 – 2.02 
(m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 145.7 (C(3)), 137.8 (C(5)), 128.3 (C(6)), 124.0 (C(4)), 62.1 (C(1)), 35.5 (C(2)), 
21.3 (C(7)). 
 IR: (CDCl3 film) 
  3367 (w), 3011 (s), 2916 (s), 2863 (s), 1767 (w), 1731 (w), 1681 (s), 1604 (s), 
1462 (s), 1406 (m), 1376 (m), 1334 (m), 1308 (m), 1253 (w), 1153 (m), 1097 (m), 
1036 (m), 949 (w), 894 (w), 846 (s), 815 (m), 760 (m), 701 (s) 
 MS: (ESI) 
  280.2 (M+H, 100), 119.1 (6) 
 HRMS: (ESI) 
  Calc. for C20H26N: 280.2065, found: 280.2072 
 TLC: Rf  0.16  (CH2Cl2/MeOH, 98/2) [silica gel, KMnO4] 
 Opt. Rot.: [α]D
24 +108.5 (c = 0.2, chloroform) 
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(2R,5R)-2,5-Bis(5-phenylbiphenyl-3-yl)pyrrolidine (65h) [TC-23-39] 
 
Following General Procedure VI, a mixture of N-Boc-(2R,5R)-2,5-bis(5-phenylbiphenyl-
3-yl)pyrrolidine 64h (316 mg, 0.5 mmol, 1 equiv), CH2Cl2 (5.0 mL) and trifluoroacetic acid 
(0.77 mL, 10 mmol, 20 equiv) was stirred in a 25 mL round-bottom flask at 0 °C for 6 h under 
argon. The solvent was removed under reduced pressure and the orange oil was subjected to 
basic aqueous work-up to give a foamy solid. Purification by column chromatography (SiO2, 3 × 
15 cm, CH2Cl2/MeOH, gradient elution, 100/0 then 98/2) afforded 248 mg (93%) of 65h as a 
white solid after swirling in a small amount of hexane (~2 mL) and removal of the pale yellow 
liquid. The spectroscopic data matched those from the literature.127 
 
Data for 65h: 
 1H NMR:      (500 MHz, CDCl3) 
  7.74 – 7.67 (m, 14 H, HC(4), HC(6), HC(8)), 7.50 (t, J = 7.6 Hz, 8 H, HC(9)), 
7.40  (t, J = 7.4 Hz, 4 H, HC(9)), 4.78 (t, J = 6.8 Hz, 2 H, HC(1)), 2.60 – 2.51 (m, 
2 H, H2C(2)), 2.19 (br s, 1 H, NH), 2.13 – 2.04 (m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 147.0 (C(3)), 142.0 (C(5)), 141.2 ((C(7)), 128.7 (C(9)), 127.4 (C(10)), 127.3 
(C(8)), 124.8 (C(6)), 124.2 (C(4)), 62.4 (C(1)), 35.7 (C(2)). 
 IR: (CDCl3 film) 
  3365 (w), 3033 (m), 2961 (w), 2864 (w), 1947 (w), 1882 (w), 1809 (w), 1764 (w), 
1595 (s), 1576 (m), 1497 (m), 1455 (m), 1435 (m), 1410 (m), 1354 (w), 1309 (w), 
1247 (w), 1180 (w), 1157 (w), 1105 (w), 1076 (m), 1029 (m), 908 (s), 878 (m), 
758 (s), 731 (s), 698 (s) 
 MS: (ESI) 
  528.3 (M+H, 100) 
 HRMS: (ESI) 
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  Calc. for C40H34N: 528.2691, found: 528.2693 
 TLC: Rf  0.67 (CH2Cl2/MeOH, 98/2) [silica gel, UV] 
 Opt. Rot.: [α]D
24 +73.3 (c = 0.2, chloroform) 
 
(2R,5R)-2,5-Bis(2-tolyl)pyrrolidine (65i) [TC-23-59] 
 
Following General Procedure V, a mixture of N-Boc-(2R,5R)-2,5-bis(2-tolyl)pyrrolidine 
64i (312 mg, 0.89 mmol, 1 equiv), CH2Cl2 (8.9 mL) and iodotrimethylsilane (140 µL, 0.93 
mmol, 1.05 equiv) was stirred in a 25 mL round-bottom flask at 0 °C for 2 h under argon and 
then quenched into a 1:1 mixture of saturated NaHCO3/saturated Na2S2O3. The product was 
extracted into CH2Cl2, dried and concentrated. Purification by column chromatography (SiO2, 
1.5 × 16 cm, CH2Cl2/MeOH, 98/2) afforded 216 mg (97%) of 65i as a pale orange oil which 
became a pale orange solid in the freezer over time. 
 
Data for 65i: 
 1H NMR:      (500 MHz, CDCl3) 
  7.61 (d, J = 7.6 Hz, 2 H, HC(8)), 7.29 – 7.24 (m, 2 H, HC(7)), 7.21 – 7.16 (m, 4 
H, HC(6) and HC(5)), 4.81 (t, J = 6.3 Hz, 2 H, HC(1)), 2.48 – 2.41 (m, 2 H, 
H2C(2)), 2.44 (s, 6 H, H3C(9)), 1.85 – 1.77 (m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 144.0 (C(3)), 135.3 (C(4)), 130.3 (C(5) or C(6)), 126.4 (C(7)), 126.1 (C(8)), 124.6 
(C(8)), 58.5 (C(1)), 33.7 (C(2)), 19.5 (C(9)). 
 IR: (neat) 
  3353 (w), 3059 (m), 3018 (m), 2959 (m), 2864 (m), 1602 (w), 1484 (m), 1460 
(m), 1380 (m), 1348 (w), 1278 (w), 1213 (w), 1177 (w), 1157 (w), 1139 (w), 1115 
(w), 1081 (m), 1048 (m), 945 (w), 873 (w), 754 (s), 723 (m) 
 MS: (ESI) 
  252.2 (M+H, 100), 235.1 (10), 105.1 (16) 
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 HRMS: (ESI) 
  Calc. for C18H22N: 252.1752, found: 252.1744 
 TLC: Rf  0.37 (CH2Cl2/MeOH, 98/2) [silica gel, KMnO4] 
 Opt. Rot.: [α]D
24 +143.5 (c = 0.2, chloroform) 
 
(2R,5R)-2,5-Bis(5-methyl-2-thienyl)pyrrolidine (65j) [TC-21-54] 
 
To a 10 mL, 1-necked round-bottom flask attached to a Kugelrohr bulb and a Kugelrohr 
shaft was added N-Boc-(2R,5R)-2,5-bis(5-methyl-2-thienyl)pyrrolidine 64j (210 mg, 0.58 
mmol). After two cycles of evacuation and back fill with argon, the flask was heated to 200 °C 
(ABT). After 18 h, the flask was cooled to room temperature. The product was rinsed into the 
round-bottom flask with Et2O then concentrated to give a brown oil. Purification by column 
chromatography (SiO2, 1.5 × 18 cm, CH2Cl2/MeOH, 98/2; then SiO2, 1.0 × 23 cm, 
CH2Cl2/MeOH, 98/2) afforded ~97 mg (~64%) of 65j as a brown oil with a contaminant. This 
material was used without further purification. 
 
Data for 65j: 
 1H NMR:      (500 MHz, CDCl3)   
6.70 (d, J = 3.3 Hz, 2 H, HC(4)), 6.58 – 6.56 (m, 2 H, HC(5)), 4.66 (dd, J = 6.2, 
4.7 Hz, 2 H, HC(1)), 2.45 (s, 6 H, H3C(7)), 2.42 – 2.35 (m, 2 H, H2C(2)), 1.98 – 
1.89 (m, 2 H, H2C(2)). 
 TLC: Rf  0.17  (CH2Cl2/MeOH, 98/2) [silica gel, UV, KMnO4] 
 
 
Preparation of N-Nitroso-(R)-2-Arylpyrrolidine 
N-Nitroso-(R)-2-(4-methoxyphenyl)pyrrolidine (60a) [TC-22-37] 
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 To a an oven-dried, 15 mL, one-necked, round-bottom flask equipped with a stir bar, an 
argon inlet adaptor and a septum was charged (R)-2-(4-methoxyphenyl)pyrrolidine 59a (205 mg, 
1.16 mmol, 1 equiv). After two cycles of evacuation/argon fill, dichloromethane (5.8 mL) was 
added. The light yellow solution was cooled to 0 °C, and pyridine (190 µL, 2.31 mmol, 2 equiv) 
was added. Under a slight positive argon pressure, the septum was temporarily removed to allow 
the addition of nitrosonium tetrafluoroborate (277 mg, 2.31 mmol, 2 equiv) in one portion. The 
resulting orange solution was stirred at 0 °C for 1.5 h and then slowly poured into ice-cold HCl 
(1 M, 20 mL). After fizzing subsided, the aqueous layer was extracted with dichloromethane (10 
mL × 3). The combined organic extract was dried over Na2SO4, filtered and concentrated. 
Purification by column chromatography (SiO2, 1.5 × 16 cm, hexane/EtOAc, gradient elution, 9/1 
then 4/1) afforded 148 mg (62%) of 60a as a yellow solid (a rotameric mixture, 76:24, 21 °C). 
 
Data for 60a: 
 1H NMR:      (500 MHz, CDCl3) 
  Major 
  7.15 (d, J = 8.7 Hz, 2 H, HC(6)), 6.89 (d, J = 8.7 Hz, 2 H, HC(7)), 5.60 (t, J = 6.3 
Hz, 1 H, HC(1)), 3.85 (dt, J = 15.0, 7.6 Hz, 1 H, HC(4)), 3.80 (s, 3 H, H3C(9)), 
3.73 – 3.64 (m, 1 H, HC(4)), 2.50 – 2.40 (m, 1 H, HC(2)), 2.18 – 2.10 (m, 1 H, 
HC(2)), 2.10 – 1.92 (m, 2 H, H2C(3)). 
  Minor 
  6.98 (d, J = 8.7 Hz, 2 H, HC(6)), 6.82 (d, J = 8.7 Hz, 2 H, HC(7)), 5.23 (t, J = 6.5 
Hz, 1 H, HC(1)), 4.64 – 4.57 (m, 1 H, HC(4)), 4.41 – 4.35 (m, 1 H, HC(4)), 3.77  
(s, 3 H, H3C(9)), 2.41 – 2.36 (m, 1 H, HC(2)), 2.18 – 1.92 (m, 3 H, HC(2) and 
H2C(3)). 
13C NMR:  (126 MHz, CDCl3) 
  Major 
 159.2 (C(8)), 132.5 (C(5)), 127.6 (C(6)), 114.2 (C(7)), 64.1 (C(1)), 55.3 (C(9)), 
45.9 (C(4)), 33.4 (C(2)), 20.8 (C(3)). 
 Minor 
 158.7 (C(8)), 131.6 (C(5)), 126.7 (C(6)), 114.0 (C(7)), 59.8 (C(1)), 55.3 (C(9)), 
50.7 (C(4)), 33.3 (C(2)), 22.6 (C(3)). 
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 IR: (CDCl3 film) 
  2956 (w), 2836 (w), 1611 (m), 1585 (w), 1514 (s), 1454 (w), 1410 (m), 1296 (s), 
1249 (s), 1178 (m), 1113 (w), 1031 (m), 828 (m), 808 (w), 773 (w) 
 MS: (ESI) 
  229.1 (17, M+Na), 207.1 (100, M), 161.1 (57), 137.0 (66), 99.0 (22) 
 HRMS: (ESI) 
  Calc. for C11H15N2O2: 207.1134, found: 207.1143 
 TLC: Rf  0.16 (hexane/EtOAc, 4/1) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +129.6 (c = 0.2, acetone) 
 
N-Nitroso-(R)-2-(2-naphthyl)pyrrolidine (60f) [TC-22-50] 
 
 To a an oven-dried, 25 mL, one-necked, round-bottom flask equipped with a stir bar, an 
argon inlet adaptor and a septum was charged (R)-2-(2-naphthyl)pyrrolidine 59f (230 mg , 1.17 
mmol, 1 equiv). After three cycles of evacuation/argon fill, dichloromethane (5.8 mL) was 
added. The colorless solution was cooled to 0 °C, and pyridine (100 µL, 1.22 mmol, 1.05 equiv) 
was added. Under a slight positive argon pressure, the septum was temporarily removed to allow 
the addition of nitrosonium tetrafluoroborate (147 mg, 1.22 mmol, 1.05 equiv) in one portion. 
The resulting bright yellow solution was stirred at 22 °C for 1.5 h. The resulting cloudy mixture 
was cooled to 0 °C, and an aqueous solution of HCl (1 M, 6 mL) was added slowly. After 
stirring for 3 minutes, bubbling has subsided. The organic layer was saved and the aqueous layer 
was extracted with dichloromethane (5 mL × 3). The combined organic extract was dried over 
Na2SO4, filtered and concentrated to give a mixture of yellow oil and solid. Purification by 
column chromatography (SiO2, 3 × 20 cm, hexane/EtOAc, 4/1) afforded 203 mg (77%) of 60f as 
a fluffy, white solid (a rotameric mixture, 77:23, 21 °C). 
 
Data for 60f: 
 1H NMR:      (500 MHz, CDCl3) 
  Major 
288 
 
  7.86 (d, J = 8.5 Hz, 1 H, HC(8)), 7.86 – 7.78 (m, 2 H, HC(10) and HC(13)), 7.62 
(s, 1 H, HC(5)), 7.53 – 7.43 (m, 2 H, HC(11) and HC(12)), 7.34 (d, J = 8.5 Hz, 1 
H, HC(7)), 5.85 (t, J = 6.1 Hz, 1 H, HC(1)), 3.95 – 3.88 (m, 1 H, HC(4)), 3.83 – 
3.76 (m, 1 H, HC(4)), 2.58 – 2.49 (m, 1 H, HC(2)), 2.30 – 2.23 (m, 1 H, HC(2)), 
2.14 – 1.98 (m, 2 H, H2C(3)). 
  Minor 
  7.86 – 7.78 (m, 2 H, HC(10) and HC(13)), 7.76 (d, J = 8.0 Hz, 1 H, HC(8)), 7.53 
– 7.43 (m, 2 H, HC(11) and HC(12)), 7.45 (s, 1 H, HC(5)), 7.19 (d, J = 8.6 Hz, 1 
H, HC(7)), 5.43 (t, J = 6.8 Hz, 1 H, HC(1)), 4.73 – 4.67 (m, 1 H, HC(4)), 4.52 – 
4.46 (m, 1 H, HC(4)), 2.54 – 2.45 (m, 1 H, HC(2)), 2.21 – 2.13 (m, 1 H, HC(2)), 
2.14 – 1.98 (m, 2 H, H2C(3)). 
13C NMR:  (126 MHz, CDCl3) 
  Major 
 137.9 (C(6)), 133.1 (C(14)), 132.7 (C(9)), 128.8 (C(8)), 127.9 (C(13)), 127.6 
(C(10)), 126.5 (C(11) or C(12)), 126.2 (C(11) or C(12)), 125.3 (C(15)), 123.9 
(C(7)), 64.6 (C(1)), 46.2 (C(4)), 33.3 (C(2)), 20.8 (C(3)). 
 Minor 
 136.8 (C(6)), 133.2 (C(14)), 132.5 (C(9)), 128.6 (C(10) or C(13)), 127.7 (C(8)), 
127.6 (C(10) or C(13)), 126.2 (C(11) or C(12)), 125.8 (C(5)), 123.9 (C(11) or 
C(12)), 123.6 (C(7)), 60.5 (C(1)), 50.9 (C(4)), 33.3 (C(2)), 22.7 (C(3)). 
 IR: (CDCl3 film) 
  3052 (w), 2959 (m), 2876 (w), 1632 (w), 1601 (w), 1507 (w), 1444 (m), 1398 (s), 
1333 (s), 1269 (s), 1233 (m), 1204 (m), 1125 (w), 1027 (w), 977 (w), 956 (w), 
903 (m), 869 (m), 822 (s), 762 (s) 656 (w) 
 MS: (EI, 70 eV) 
  226.1 (M+, 41), 209.1 (27), 196.1 (100), 167.1 (52), 154.1 (54), 141.1 (23), 127.0 
(28), 115.1 (12), 82.9 (33) 
 HRMS: (ESI) 
  Calc. for C14H15N2O: 227.1184, found: 227.1189 
 TLC: Rf  0.21 (hexane/EtOAc, 4/1) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +170.2 (c = 0.2, acetone) 
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Preparation of N-Nitroso-(2R,5R)-2,5-diarylpyrrolidine 
N-Nitroso-(2R,5R)-2,5-bis(4-methoxyphenyl)pyrrolidine (64a) [TC-22-46] 
 
 Following General Procedure VII, a mixture of (2R,5R)-2,5-bis(4-
methoxyphenyl)pyrrolidine 65a (111 mg , 0.39 mmol, 1 equiv), CH2Cl2 (2.0 mL), pyridine (64 
µL, 0.78 mmol, 2 equiv) and nitrosonium tetrafluoroborate (94 mg, 0.78 mmol, 2 equiv) were 
combined in a 15 mL, one-necked, round-bottom flask. The mixture was stirred at 0 °C for 2 h 
under argon, and then subjected to aqueous work-up. Purification by column chromatography 
(SiO2, 1.5 × 31 cm, CH2Cl2/EtOAc, gradient elution, 99.5/0.5, 99/1, 98/2 then 95/5) afforded 118 
mg (96%) of 66a as a white powder. Two sets of NMR signals were observed due to restricted 
rotation of nitroso group. 
 
Data for 66a: 
 1H NMR:      (500 MHz, CDCl3) 
7.21 (d, J = 8.7 Hz, 2 H, HC(4)), 7.02 (d, J = 8.7 Hz, 2 H, HC(4)), 6.92 (d, J = 8.7 
Hz, 2 H, HC(5)), 6.85 (d, J = 8.6 Hz, 2 H, HC(5)), 5.82 (dd, J = 7.6, 4.5 Hz, 1 H, 
HC(1)), 5.46 (dd, J = 8.4, 3.8 Hz, 1 H, HC(1)), 3.81 (s, 3 H, HC(7)), 3.78 (s, 3 H, 
HC(7)), 2.64 – 2.56 (m, 1 H, HC(2)), 2.54 – 2.45 (m, 1 H, HC(2)), 2.14 – 2.08 (m, 
1 H, HC(2)), 1.97 – 1.90 (m, 1 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
159.2 (C(6)), 158.6 (C(6)), 133.0 (C(3)), 131.4 (C(3)), 128.0 (C(4)), 126.5 (C(4)), 
114.1 (C(5)), 114.0 (C(5)), 65.0 (C(1)), 61.2 (C(1)), 55.3 (C(7)), 55.3 (C(7)), 31.9 
(C(2)), 30.9 (C(2)).   
 IR: (CDCl3 film) 
  3020 (w), 2967 (m), 2942 (m), 2837 (w), 2361 (w), 1613 (m), 1585 (m), 1518 (s), 
1462 (m), 1417 (m), 1371 (w), 1304 (m), 1285 (m) 1246 (s), 1174 (m) 1126 (m), 
1108 (m), 1077 (w), 1026 (s), 827 (s), 770 (w) 
 MS: (EI, 70 eV) 
  312.1 (22), 134.1 (100) 
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 HRMS: (ESI) 
  Calc. for C18H21N2O3: 313.1552, found: 313.1564 
 TLC: Rf  0.23 (CH2Cl2/EtOAc, 99/1) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +223.9 (c = 0.2, chloroform) 
 
N-Nitroso-(2R,5R)-2,5-bis(2-naphthyl)pyrrolidine (66f) [TC-22-70] 
 
Following General Procedure VII, a mixture of (2R,5R)-2,5-bis(2-naphthyl)pyrrolidine 
65f (246 mg , 0.76 mmol, 1 equiv), CH2Cl2 (7.6 mL), pyridine (125 µL, 1.5 mmol, 2 equiv) and 
nitrosonium tetrafluoroborate (182 mg, 1.5 mmol, 2 equiv) were combined in a 50 mL, one-
necked, round-bottom flask. The mixture was stirred at 21 °C for 2 h under argon and then an 
aqueous solution of HCl (1 M, 7.6 mL) was added at 0 °C. After vigorous stirring for 3 minutes, 
the two layers were allowed to separate. The organic layer was saved and the aqueous layer was 
extracted with dichloromethane (4 mL × 3). The combined organic extract was dried over 
Na2SO4, filtered and concentrated to give a yellow solid (259 mg). The solid was dissolved in 
dichloromethane (5 mL) and filtered through a pad of silica (2 cm deep, 30 mL, medium-
porosity fritted funnel), eluted with dichloromethane (50 mL). The filtrate was concentrated to 
about 2 mL to give a mixture of yellow solution and solid. hexane (16 mL) was added while the 
flask was gently swirled to cause the formation of precipitate. The yellow solution was carefully 
removed and the residue was dried under reduced pressure to afford 247 mg (92%) of 66f as a 
very lightly yellow powder. Two sets of NMR signals were observed due to restricted rotation of 
nitroso group. 
 
Data for 66f: 
 1H NMR:      (500 MHz, CDCl3) 
7.91 (d, J = 8.6 Hz, 1 H, HC(Aryl)), 7.88 – 7.79 (m, 5 H, HC(Aryl)), 7.79 (s, 1 H, 
HC(Aryl)), 7.55 – 7.45 (m, 5 H, HC(Aryl)), 7.44 (dd, J = 8.5, 1.9 Hz, 1 H, 
HC(Aryl)), 7.28 (dd, J = 8.6, 1.9 Hz, 1 H, HC(Aryl)), 6.19 (dd, J = 7.8, 3.9 Hz, 1 
H, HC(1)), 5.78 (dd, J = 8.4, 3.9 Hz, 1 H, HC(1)), 2.80 – 2.72 (m, 1 H, HC(2)), 
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2.67 – 2.59 (m, 1 H, HC(2)), 2.30 – 2.23 (m, 1 H, HC(2)), 2.10 – 2.04 (m, 1 H, 
HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 138.4 (C(4)), 136.4 (C(4)), 133.2 (C(7) or C(12)), 133.2 ((C(7) or C(12)), 132.9 
(C(7) or C(12)), 132.6 ((C(7) or C(12)), 128.9 (C(Aryl)), 128.8 (C(Aryl)), 128.0 
(C(Aryl)), 127.8 (C(Aryl)), 127.7 (C(Aryl)), 127.6 (C(Aryl)), 126.6 (C(Aryl)), 
126.4 (C(Aryl)), 126.3 (C(Aryl)), 125.9 (C(Aryl)), 125.7 (C(Aryl)), 124.3 
(C(Aryl)), 123.8 (C(Aryl)), 123.6 (C(Aryl)), 65.7 (C(1)), 62.1 (C(1)), 31.8 (C(2)), 
30.7 (C(2)). 
 IR: (CDCl3 film) 
  3052 (w), 2982 (w), 2947 (w), 1597 (w), 1508 (w), 1421 (m), 1358 (w), 1268 (m), 
1240 (m), 1136 (w), 908 (w), 856 (w), 816 (m), 747 (m), 730 (m) 
 MS: (ESI) 
  375.1 (M+Na, 21), 353.2 (M+H, 100), 307.2 (13), 197.1 (41), 179.1 (36), 141.1 
(50) 
 HRMS: (ESI) 
  Calc. for C24H21N2O: 353.1654, found: 353.1658 
 TLC: Rf  0.43 (CH2Cl2) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +246.3 (c = 0.2, chloroform) 
 
N-Nitroso-(2R,5R)-2,5-bis(3,5-dimethylphenyl)pyrrolidine (66g) [TC-22-91] 
 
 Following General Procedure VII, a mixture of (2R,5R)-2,5-bis(3,5-
dimethylphenyl)pyrrolidine 65g (180 mg , 0.64 mmol, 1 equiv), CH2Cl2 (3.2 mL), pyridine (105 
µL, 1.3 mmol, 2 equiv) and nitrosonium tetrafluoroborate (153 mg, 1.3 mmol, 2 equiv) were 
combined in a 25 mL, one-necked, round-bottom flask. The mixture was stirred at 21 °C for 2 h 
under argon, and then subjected to aqueous work-up. Purification by column chromatography 
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(SiO2, 3 × 16 cm, CH2Cl2/hexane, 2/1) afforded 184 mg (96%) of 66g as a white solid. Two sets 
of NMR signals were observed due to restricted rotation of nitroso group. 
 
Data for 66g: 
 1H NMR:      (500 MHz, CDCl3)   
6.97 (s, 1 H, HC(4)), 6.88 (s, 3 H, HC(4)), 6.68 (s, 2 H, HC(6)), 5.86  (dd, J = 7.7, 
3.8 Hz, 1 H, HC(1)), 5.47  (dd, J = 8.3, 3.1 Hz, 1 H, HC(1)), 2.67 – 2.59 (m, 1 H, 
HC(2)), 2.54 – 2.46 (m, 1 H, HC(2)), 2.34 (s, 6 H, H3C(7)), 2.30 (s, 6 H, H3C(7)), 
2.15 – 2.08 (m, 1 H, HC(2)), 1.95 – 1.89 (m, 2 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 141.2 (C(3)), 139.2 (C(3)), 138.3 (C(5)), 138.2 (C(5)), 129.4 (C(6)), 128.9 (C(6)), 
124.4 (C(4)), 122.9 (C(4)), 65.5 (C(1)), 61.8 (C(1)), 31.8 (C(2)), 30.8 (C(2)), 21.3 
(C(7)). 
 IR: (CDCl3 film) 
  3003 (w), 2982 (w), 2914 (m), 2850 (w), 1607 (m), 1469 (m), 1462 (m), 1451 
(m), 1444 (m), 1407 (s), 1292 (m), 1277 (s), 1246 (s), 1194 (m), 1041 (m), 846 
(s), 785 (m), 693 (m) 
 MS: (ESI) 
  331 (M+Na, 10), 309.2 (M+H, 100), 263.2 (10), 175.1 (9), 157.1 (23), 119.1 (29) 
 HRMS: (ESI) 
  Calc. for C20H25N2O: 309.1967, found: 309.1974 
 TLC: Rf  0.35  (CH2Cl2) [silica gel, UV] 
 Opt. Rot.: [α]D
24 202.5 (c = 0.2, acetone) 
 
N-Nitroso-(2R,5R)-2,5-bis(5-phenylbiphenyl-3-yl)pyrrolidine (66h) [TC-23-40] 
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 Following General Procedure VII, a mixture of (2R,5R)-2,5-bis(5-phenylbiphenyl-3-
yl)pyrrolidine 65h (335 mg , 0.64 mmol, 1 equiv), CH2Cl2 (3.2 mL), pyridine (105 µL, 1.3 
mmol, 2 equiv) and nitrosonium tetrafluoroborate (154 mg, 1.3 mmol, 2 equiv) were combined 
in a 25 mL, one-necked, round-bottom flask. The mixture was stirred at 21 °C for 12 h under 
argon, and then subjected to aqueous work-up. Purification by column chromatography (SiO2, 3 
× 16 cm, CH2Cl2/hexane, 1/1) afforded 184 mg (93%) of 66h as a white powder. Two sets of 
NMR signals were observed due to restricted rotation of nitroso group. 
 
Data for 66h: 
 1H NMR:      (500 MHz, CDCl3) 
  7.79 (s, 1 H, HC(6)), 7.71 (s, 1 H, HC(6)), 7.66 (t, J = 8.7 Hz, 8 H, HC(9)), 7.52 – 
7.47 (m, 10 H, HC(4) and HC(8)), 7.44 – 7.39 (m, 4 H, HC(10)), 7.30 – 7.29 (m, 
2 H, HC(4)), 6.15 (dd, J = 7.9, 3.7 Hz, 1 H, HC(1)), 5.75 (dd, J = 8.5, 3.3 Hz, 1 H, 
HC(1)), 2.85 – 2.77 (m, 1 H, H2C(2)), 2.72 – 2.64 (m, 1 H, H2C(2)), 2.33 – 2.28 
(m, 1 H, H2C(2)), 2.15 – 2.09 (m, 1 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 142.8 (C(7)), 142.7 (C(7)), 142.6 (C(3)), 141.2 (C(5)), 141.0 (C(5)), 140.5 (C(3)), 
129.2 (C(8)), 129.1 (C(8)), 128.0 (C(10)), 127.9 (C(10)), 127.6 (C(9)), 126.2 
((6)), 125.7 (C(6)), 124.7 (C(4)), 123.4 (C(4)), 65.9 (C(1)), 62.3 (C(1)). 
 IR: (CDCl3 film) 
  3052 (w), 3033 (w), 2982 (w), 2940 (w), 2871 (w), 1951 (w), 1885 (w), 1812 (w), 
1764 (w), 1596 (s), 1577 (m), 1497 (m), 1455 (m), 1423 (m), 1344 (w), 1306 (w), 
1265 (m), 1076 (w), 1028 (w), 983 (w), 874 (m), 788 (w), 758 (s), 613 (m) 
 MS: (ESI) 
  579.2 (M+Na, 7), 557.3 (M+H, 100), 511.2 (14), 415.2 (11), 281.1 (19) 
 HRMS: (ESI) 
  Calc. for C40H33N2O: 557.2593, found: 557.2590 
 TLC: Rf  0.39 (CH2Cl2/hexane, 2/1) [silica gel, UV] 
 Opt. Rot.: [α]D
24 +122.3 (c = 0.2, acetone) 
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N-Nitroso-(2R,5R)-2,5-bis(2-tolyl)pyrrolidine (66i) [TC-23-60] 
 
 Following General Procedure VII, a mixture of (2R,5R)-2,5-bis(2-tolyl)pyrrolidine 65i 
(213 mg , 0.85 mmol, 1 equiv), CH2Cl2 (4.2 mL), pyridine (140 µL, 1.7 mmol, 2 equiv) and 
nitrosonium tetrafluoroborate (202 mg, 1.7 mmol, 2 equiv) were combined in a 25 mL, one-
necked, round-bottom flask. The mixture was stirred at 21 °C for 12 h under argon, and then 
subjected to aqueous work-up. Purification by column chromatography (SiO2, 3 × 20 cm, 
CH2Cl2/hexane, 4/1) afforded 227 mg (95%) of 66i as a white solid. Two sets of NMR signals 
were observed due to restricted rotation of nitroso group. 
 
Data for 66i: 
 1H NMR:      (500 MHz, CDCl3) 
  7.30 – 7.21 (m, 4 H, HC(5), HC(6) and HC(7)), 7.19 (t, J = 7.2 Hz, 1 H, HC(6)), 
7.14 (t, J = 7.3 Hz, 1 H, HC(7)), 6.96 (d, J = 7.1 Hz, 1 H, HC(8)), 6.78 (d, J = 7.5 
Hz, 1 H, HC(8)), 6.23 (d, J = 7.9 Hz, 1 H, HC(1)), 5.72 (d, J = 7.3 Hz, 1 H, 
HC(1)), 2.72 – 2.64 (m, 1 H, HC(2)), 2.58 – 2.48 (m, 1 H, HC(2)), 2.54 (s, 3 H, 
H3C(9)), 2.45 (s, 3 H, H3C(9)), 2.08 – 2.03 (m, 1 H, HC(2)), 1.87 – 1.82 (m, 1 H, 
HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 139.8 (C(3)), 136.9 (C(3)), 134.8 (C(4)), 134.1 (C(4)), 131.1 (C(5)), 130.9 (C(5)), 
127.6 (C(6)), 127.2 (C(6)), 126.2 (C(7)), 126.0 (C(7)), 125.6 (C(8)), 123.5 (C(8)), 
62.7 (C(1)), 59.7 (C(1)), 29.9 (C(2)), 28.6 (C(2)), 19.5 (C(9)), 19.4 (C(9)). 
 IR: (nujol) 
  1487 (w), 1425 (m), 1344 (w), 1270 (m), 1248 (w), 1218 (w), 1102 (w), 1051 (w), 
1017 (w), 976 (w), 870 (w), 775 (w), 765 (m), 725 (w) 
 MS: (ESI) 
  281.1 (M+H, 100), 143.1 (21), 105.1 (32) 
 HRMS: (ESI) 
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  Calc. for C18H21N2O: 281.1654, found: 281.1646 
 TLC: Rf  0.24 (CH2Cl2/hexane, 4/1) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +223.0 (c = 0.2, acetone) 
 
N-Nitroso-(2R,5R)-2,5-bis(5-methyl-2-thienyl)pyrrolidine (66j) [TC-21-61] 
 
 Following General Procedure VII, a mixture of (2R,5R)-2,5-bis(5-methyl-2-
thienyl)pyrrolidine 65j (90 mg , 0.34 mmol, 1 equiv), CH2Cl2 (1.7 mL), pyridine (55 µL, 0.68 
mmol, 2 equiv) and nitrosonium tetrafluoroborate (84 mg, 0.68 mmol, 2 equiv) were combined 
in a 15 mL, one-necked, round-bottom flask. The mixture was stirred at 0 °C for 15 min under 
argon, and then subjected to aqueous work-up. Purification by column chromatography (SiO2, 1 
× 25 cm, CH2Cl2/hexane, 1/1 then 2/1) afforded 57 mg (57%) of 66j as a white solid. Two sets of 
NMR signals were observed due to restricted rotation of nitroso group. 
 
Data for 66j: 
 1H NMR:      (500 MHz, CDCl3)   
6.83 (d, J = 3.4 Hz, 1 H, HC(4)), 6.67 (d, J = 3.4 Hz, 1 H, HC(4)), 6.62 – 6.61 (m, 
1 H, HC(5)), 6.56 – 6.54 (m, 1 H, HC(5)), 5.95 (dd, J = 7.8, 2.7 Hz, 1 H, HC(1)), 
5.66 (d, J = 8.1 Hz, 1 H, HC(1)), 2.82 – 2.73 (m, 1 H, HC(2)), 2.58 – 2.48 (m, 1 
H, HC(2)), 2.45 (s, 3 H, H3C(7)), 2.42 (s, 3 H, H3C(7)), 2.33 – 2.26 (m, 1 H, 
HC(2)), 2.19 – 2.13 (m, 1 H, HC(2)). 
 TLC: Rf  0.35  (CH2Cl2/hexane, 2/1) [silica gel, UV, KMnO4] 
 
 
Preparation of (R)-1-Aminoarylpyrrolidine 
(R)-1-Amino-2-(4-methoxyphenyl)pyrrolidine (61a) [TC-22-38] 
LiAlH4 (1.5 equiv)
THF, 22 °C, 1 h
N
OCH3
N
OCH3
1
23
4
5
6
7
8NH2NO
61a
9
60a  
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 To an oven-dried, 25 mL, one-necked, round-bottom flask equipped with a stir bar, an 
argon inlet adaptor and a septum was charged N-nitroso-(R)-2-(4-methoxyphenyl)pyrrolidine 
61a (142 mg , 0.69 mmol, 1 equiv). After three cycles of evacuation/argon fill, THF (2.8 mL) 
was added. The light yellow solution was cooled to 0 °C, and a THF solution of LiAlH4 (1.19 
M, 0.86 mL, 1.03 mmol, 1.5 equiv) was added dropwise, keeping the temperature below 2 °C. 
After stirring at 0 °C for 5 minutes, the ice/water bath was removed. The light yellow solution 
was stirred at 22 °C for 1 h and then cooled to 0 °C. With vigorous stirring, the reaction was 
quenched by dropwise addition of H2O (140 µL), maintaining the temperature below 10 °C. 
After 3 minutes, a solution of NaOH (10%, 280 µL) and H2O (140 µL) were added. The 
ice/water bath was removed, and the mixture was stirred at room temperature for 1 h. The 
mixture was filtered through a pad of Celite (1 cm deep) using a 15 mL, medium-porosity fritted 
funnel, eluted with dichloromethane (20 mL). The filtrate was diluted with H2O (15 mL), and the 
aqueous layer was extracted with dichloromethane (8 mL × 4). The combined organic extract 
was dried over Na2SO4, filtered and concentrated to give a light yellow liquid. Purification by 
column chromatography (SiO2, 1.5 × 16 cm, CH2Cl2/MeOH, gradient elution, 100/0, 98/2 then 
95/5) afforded 105 mg (80%) of 60a as a viscous, light yellow oil. 
 
Data for 60a: 
 1H NMR:      (500 MHz, CDCl3) 
  7.27 (d, J = 8.6 Hz, 2 H, HC(6)), 6.89 (d, J = 8.6 Hz, 2 H, HC(7)), 3.78 (s, 3 H, 
H3C(9)), 3.39 (td, J = 8.6, 2.0 Hz, 1 H, HC(4)), 3.05 (dd, J = 9.5, 7.5 Hz, 1 H, 
HC(1)), 2.80 (br s, 2 H, NH2), 2.44 (q, J = 9.2 Hz, 1 H, HC(4)), 2.21 – 2.09 (m, 1 
H, HC(2)), 1.97 – 1.85 (m, 1 H, HC(3)), 1.84 – 1.70 (m, 3 H, HC(2) and H2C(3)). 
13C NMR:  (126 MHz, CDCl3) 
 159.0 (C(8)), 133.9 (C(5)), 128.7 (C(6)), 114.0 (C(7)), 75.4 (C(1)), 58.4 (C(4)), 
55.2 (C(9)), 33.2 (C(2)), 22.6 (C(3)). 
 IR: (neat) 
  3335 (w), 2956 (s), 2875 (w), 2833 (m), 2803 (m), 1611 (s), 1585 (w), 1512 (s), 
1461 (m), 1442 (w), 1369 (w), 1301 (m), 1245 (s), 1172 (m), 1104 (m), 1035 (s), 
947 (m), 919 (w), 900 (w), 830 (s) 
 MS: (ESI) 
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  193.1 (100, M+H), 176.1 (31) 
 HRMS: (ESI) 
  Calc. for C11H17N2O: 193.1341, found: 193.1340 
 TLC: Rf  0.29 (CH2Cl2/MeOH, 95/5) [silica gel, KMnO4] 
 
(R)-1-Amino-2-(2-naphthyl)pyrrolidine (61f) [TC-22-52] 
 
 To an oven-dried, 25 mL, one-necked, round-bottom flask equipped with a stir bar, an 
argon inlet adaptor and a septum was charged N-nitroso-(R)-2-(2-naphthyl)pyrrolidine 60f (197 
mg , 0.87 mmol, 1 equiv). After three cycles of evacuation/argon fill, THF (3.5 mL) was added. 
The light yellow solution was cooled to 0 °C, and a THF solution of LiAlH4 (1.19 M, 1.1 mL, 
1.3 mmol, 1.5 equiv) was added dropwise, keeping the temperature below 2 °C. After stirring at 
0 °C for 5 minutes, the ice/water bath was removed. The light yellow solution gradually turned 
red. After stirring at 22 °C for 1 h, the flask was cooled to 0 °C. While vigorously stirred, the 
reaction was quenched by dropwise addition of H2O (200 µL), maintaining the temperature 
below 10 °C. After 3 minutes, a solution of NaOH (10%, 400 µL) and H2O (200 µL) were added. 
The ice/water bath was removed, and the resulting bright yellow mixture was stirred at room 
temperature for 1 h. The mixture was filtered through a pad of Celite (1 cm deep) using a 15 mL, 
medium-porosity fritted funnel, eluted with dichloromethane (25 mL). The filtrate was diluted 
with H2O (18 mL), the organic layer was saved, and the aqueous layer was extracted with 
dichloromethane (10 mL × 4). The combined organic extracts was dried over Na2SO4, filtered 
and concentrated to afford 180 mg (97%) of 61f as a viscous, light yellow oil. The crude product 
is unstable to silica gel and was used without further purification. 
 
Data for 61f:  
 1H NMR:      (500 MHz, CDCl3) 
  7.86 – 7.80 (m, 3 H, HC(Aryl)), 7.81 (s, 1 H, HC(5)), 7.55  (d, J = 8.5, 1 H, 
HC(7)), 7.50 – 7.44 (m, 2 H, HC(Aryl)), 3.49 (t, J = 8.8, 1 H, HC(4)), 3.31 (t, J = 
8.6 Hz, 1 H, HC(1)), 2.90 (s, 2 H, NH2), 2.55 (q, J = 9.0, 1 H, HC(4)), 2.34 – 2.23 
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(m, 1 H, H2C(2)), 2.05 – 1.94 (m, 1 H, HC(3)), 1.93 – 1.84 (m, 2 H, HC(2) and 
HC(3)). 
13C NMR:  (126 MHz, CDCl3) 
 139.5 (C(6)), 133.4 (C(14)), 133.0 (C(9)), 128.4 (C(Aryl)), 127.7 (C(Aryl)), 127.6 
(C(Aryl)), 126.5 (C(5)), 126.0 (C(Aryl)), 125.6 (C(Aryl)), 125.4 (C(5)), 75.9 
(C(1)), 58.6 (C(4)), 33.2 (C(2)), 20.6 (C(3)). 
 IR: (neat) 
  3339 (w), 3053 (w), 2968 (m), 2800 (m), 1600 (m), 1507 (w), 1459 (w), 1350 
(w), 1318 (w), 1270 (w), 1125 (w), 1101 (w), 1019 (w), 947 (w), 893 (w), 857 
(m), 820 (m), 748 (m) 
 MS: (ESI) 
  213.1 (M+H, 100), 196.1 (32), 181.1 (7) 
 HRMS: (ESI) 
  Calc. for C14H17N2: 213.1392, found: 213.1400 
 
 
Preparation of (2R,5R)-1-Amino-2,5-diarylpyrrolidine 
(2R,5R)-1-Amino-2,5-bis(4-methoxyphenyl)pyrrolidine (67a) [TC-22-48] 
 
Following General Procedure VIII, a mixture of N-nitroso-(2R,5R)-2,5-bis(4-
methoxyphenyl)pyrrolidine 66a (169 mg, 0.54 mmol, 1 equiv), dichloromethane (5.4 mL) and a 
hexanes solution of diisobutylaluminum hydride (1 M, 1.625 mL, 1.625 mmol, 3 equiv) were 
combined at 0 °C in a 25 mL, one-necked round-bottom flask. After stirring at 22 °C for 2 h 
under argon, the reaction was carefully quenched an aqueous solution of NaOH, filtered and 
extracted with dichloromethane. The ratio of 66a:67a was 40:60 based on NMR analysis. 
Purification by column chromatography (SiO2, 1.5 × 20 cm, gradient elution in the order of 
CH2Cl2/Et2O (100/0, 80/20, 75/25, 50/50), CH2Cl2/MeOH (98/2, 95/5) afforded 76 mg (47%) of 
67a as a white solid and recovered 58 mg (34%) of 66a as a white solid. 
Data for 67a: 
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 1H NMR:      (500 MHz, CDCl3) 
7.30 (d, J = 8.6 Hz, 4 H, HC(4)), 6.91 (d, J = 8.7 Hz, 4 H, HC(5)), 4.03 (t, J = 5.5 
Hz, 2 H, HC(1)), 3.82 (s, 6 H, H3C(7)), 2.57 – 2.29 (m, 4 H, HC(2) and NH2), 
2.04 – 1.97 (m, 2 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
158.9 (C(6)), 133.1 (C(3)), 129.6 (C(4)), 113.7 (C(5)), 68.4 (C(1)), 55.2 (C(7)), 
30.2 (C(2)). 
 IR: (CDCl3 film) 
  2955 (w), 2835 (w), 1609 (m), 1511 (m), 1463 (w), 1302 (w), 1246 (m), 1178 
(m), 1115 (w), 924 (w), 827 (m) 
 MS: (ESI) 
  299.2 (M+H, 100), 267.1 (56), 191.1 (23), 159.1 (11), 121.1 (12) 
 HRMS: (ESI) 
  Calc. for C18H23N2O2: 299.1760, found: 299.1766 
 TLC: Rf  0.22 (CH2Cl2/MeOH, 98/2) [silica gel, KMnO4] 
 
(2R,5R)-1-Amino-2,5-bis(2-naphthyl)pyrrolidine (67f) [TC-22-72] 
 
 
Following General Procedure VIII, a mixture of N-nitroso-(2R,5R)-2,5-bis(2-
naphthyl)pyrrolidine 66f (239 mg, 0.68 mmol, 1 equiv), dichloromethane (6.8 mL) and a hexanes 
solution of diisobutylaluminum hydride (1 M, 2.0 mL, 2 mmol, 3 equiv) were combined at 0 °C 
in a 25 mL, one-necked round-bottom flask. After stirring at 21 °C for 2 h under argon, the 
reaction was carefully quenched an aqueous solution of NaOH, filtered and extracted with 
dichloromethane. The ratio of 66f:67f was 40:60 based on NMR analysis. Purification by column 
chromatography (SiO2, 3 × 26 cm, gradient elution, CH2Cl2/MeOH (100/0, 98/2, then 95/5) 
afforded 117 mg (51%) of 67f as a slightly sticky, very pale yellow solid and recovered 73 mg 
(31%) of 66f as a very light yellow solid. The desired product 67f was further purified by 
swirling in 1.5 mL of hexane, careful removal of hexane and dried in vacuo to give a free 
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flowing powder (114 mg, 50%). A mixture of 1,2-di(2-naphthyl)cyclobutane 69 (major) and 2-
ethenylnaphthalene 70 (minor) was also isolated (23 mg). This mixture exhibited optical activity 
([α]D
24 +356.0, c = 0.5, CHCl3) suggesting a trans relationship between the two naphthyl groups 
in 69. A small multiplet at ~4.28 ppm in 1H NMR may belong to the benzylic proton of meso-69. 
The spectral characterization of meso-69 and the optical purity of trans-69 were not established 
at this time. 
 
Data for 67f: 
 1H NMR:      (500 MHz, CDCl3) 
  7.90 – 7.83 (m, 8 H, HC(Aryl)), 7.60 (dd, J = 8.5, 1.8 Hz, 2 H, HC(Aryl)), 7.53 – 
7.46  (m, 4 H, HC(Aryl)), 4.38 (t, J = 5.8 Hz, 2 H, HC(1)), 2.70 – 2.60 (m, 2 H, 
H2C(2)), 2.59 (br s, 2 H, NH2), 2.26 – 2.19 (m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 138.8 (C(4)), 133.3 (C(7) or C(12)), 132.9 ((C(7) or C(12)), 128.2 (C(Aryl)), 
127.9 (C(Aryl)), 127.6 (C(Aryl)), 127.4 (C(Aryl)), 126.4 (C(Aryl)), 126.1 
(C(Aryl)), 125.8 (C(Aryl)), 69.6 (C(1)), 30.6 (C(2)). 
 IR: (CDCl3 film) 
  3053 (w), 3017 (w), 2957 (w), 2912 (w), 2871 (w), 2808 (w), 1628 (w), 1599 (w), 
1507 (w), 1466 (w), 1438 (w), 1371 (w), 1326 (w), 1270 (w), 1174 (w), 1124 (w), 
1017 (w), 907 (m), 856 (m), 813 (m), 745 (m) 
 MS: (ESI) 
  339.2 (M+H, 100), 322.2 (6) 
 HRMS: (ESI) 
  Calc. for C24H23N2: 339.1861, found: 339.1859 
 TLC: Rf  0.74 (CH2Cl2/MeOH, 95/5) [silica gel, UV] 
 
trans-1,2-Di(2-naphthyl)cyclobutane (69) 
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Data for 69: 
 1H NMR:      (500 MHz, CDCl3) 
  7.85 – 7.77 (m, 6 H, HC(Aryl)), 7.72 (br s, 2 H, HC(3)), 7.49 – 7.41  (m, 6 H, 
HC(Aryl)), 3.90 – 3.83 (m, 2 H, HC(1)), 2.52 – 2.43 (m, 2 H, H2C(2)), 2.26 – 2.19 
(m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 142.0 (C(4)), 133.5 (C(7) or C(12)), 132.2 ((C(7) or C(12)), 128.0 (C(Aryl)), 
127.6 (C(Aryl)), 127.6 (C(Aryl)), 125.9 (C(Aryl)), 125.5 (C(Aryl)), 125.2 
(C(Aryl)), 124.7 (C(Aryl)), 48.2 (C(1)), 25.9 (C(2)). 
 HRMS: (EI) 
  Calc. for C24H20: 308.15650, found: 308.15724 
 
2-Ethenylnaphthalene
278
 (70) 
 
Data for 70: 
 1H NMR:      (500 MHz, CDCl3) 
  6.91 (dd, J = 17.6, 10.9 Hz, 1 H, HC(1)), 5.90 (d, J = 17.6 Hz, 1 H, HtransC(2)), 
5.37 (d, J = 10.9 Hz, 1 H, HcisC(2)). 
  The aromatic signals of 2-ethenylnaphthalene (70) overlap with the aromatic 
signals of trans-1,2-di(2-naphthyl)cyclobutane (69). 
13C NMR:  (126 MHz, CDCl3) 
 136.9 (C(1)), 135.0 (C(4)), 133.5 ((C(12)), 133.1 (C(7)), 128.1 (C(6)), 128.0 
(C(11)), 127.7 (C(8)), 126.3 (C(3)), 126.2 (C(10)), 125.9 (C(9)), 123.2 (C(5)), 
114.2 (C(2)). 
 HRMS: (EI) 
  Calc. for C12H10: 154.07825, found: 154.07748 
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(2R,5R)-1-Amino-2,5-bis(3,5-dimethyphenyl)pyrrolidine (67g) [TC-22-92] 
 
Following General Procedure VIII, a mixture of (2R,5R)-2,5-bis(3,5-
dimethylphenyl)pyrrolidine 66g (182 mg, 0.59 mmol, 1 equiv), dichloromethane (5.9 mL) and a 
hexanes solution of diisobutylaluminum hydride (1 M, 1.8 mL, 1.8 mmol, 3 equiv) were 
combined at 0 °C in a 25 mL, one-necked round-bottom flask. After stirring at 21 °C for 2 h 
under argon, the reaction was carefully quenched with an aqueous solution of NaOH, filtered and 
extracted with dichloromethane. The ratio of 66g:67g was 40:60 based on NMR analysis. 
Purification by column chromatography (SiO2, 1.5 × 17 cm, gradient elution in the order of 
CH2Cl2/hexane (2/1) then CH2Cl2/MeOH (98/2, 95/5) afforded 101 mg (58%) of 67g as a 
viscous pale yellow oil and recovered 37 mg (20%) of 66g as a white solid. 
 
Data for 67g: 
 1H NMR:      (500 MHz, CDCl3)   
7.03 (s, 4 H, HC(4)), 6.97 (s, 2 H, HC(6)), 4.10  (t, 2 H, HC(1)), 2.58 (br s, 2 H, 
NH2), 2.53 – 2.46 (m, 2 H, H2C(2)), 2.37 (s, 6 H, H3C(7)), 2.08 – 2.02 (m, 2 H, 
H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 141.3 (C(3)), 137.8 (C(5)), 129.0 (C(6)), 126.2 (C(4)), 69.3 (C(1)), 30.6 (C(2)), 
21.3 (C(7)). 
 IR: (CDCl3 film) 
  3337 (w), 3303 (w), 3012 (m), 2948 (m), 2917 (s), 1605 (s), 1469 (m), 1376 (w), 
1351 (w), 1313 (w), 1271 (w), 1219 (w), 1157 (w), 1115 (w), 1038 (w), 923 (w), 
887 (m), 848 (s), 702 (m) 
 MS: (ESI) 
  295.2 (M+H, 100), 278.2 (6) 
 HRMS: (ESI) 
  Calc. for C20H27N2: 295.2174, found: 295.2175 
 TLC: Rf  0.67  (CH2Cl2/MeOH, 95/5) [silica gel, UV, KMnO4] 
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(2R,5R)-1-Amino-2,5-bis(5-phenylbiphenyl-3-yl)pyrrolidine (67h) [TC-23-41] 
 
Following General Procedure VIII, a mixture of (2R,5R)-2,5-bis(5-phenylbiphenyl-3-
yl)pyrrolidine 66h (300 mg, 0.54 mmol, 1 equiv), dichloromethane (5.4 mL) and a hexanes 
solution of diisobutylaluminum hydride (1 M, 1.6 mL, 1.6 mmol, 3 equiv) were combined at 0 
°C in a 25 mL, one-necked round-bottom flask. After stirring at 21 °C for 2 h under argon, the 
reaction was carefully quenched with an aqueous solution of NaOH, filtered and extracted with 
dichloromethane. The ratio of 66h:67h was 34:66 based on NMR analysis. Purification by 
column chromatography (SiO2, 1.5 × 17 cm, gradient elution, CH2Cl2 with 1% Et3N, then 
CH2Cl2/MeOH, 98/2 with 1% Et3N) afforded 127 mg (43%) of 67h as slightly stick white solid. 
 
Data for 67h: 
 1H NMR:      (500 MHz, CDCl3) 
  7.78 (s, 2 H, HC(6)), 7.71 (d, J = 7.5 Hz, 8 H, HC(8)), 7.64 (s, 4 H, HC(4)), 7.50 
(t, J = 7.6 Hz, 8 H, HC(9)), 7.40 (t, J = 7.3 Hz, 4 H, HC(10)), 4.38 – 4.35 (m, 2 H, 
HC(1)), 2.75 (s, 2 H, NH2), 2.68 – 2.61 (m, 2 H, H2C(2)), 2.24 – 2.18 (m, 2 H, 
H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 142.6 (C(3)), 142.0 (C(5)), 141.1 ((C(7)), 128.8 (C(9)), 127.4 (C(10)), 127.4 
(C(8)), 126.2 (C(4)), 125.4 (C(6)), 69.6 (C(1)), 30.8 (C(2)). 
 IR: (CDCl3 film) 
  3337 (w), 3052 (w), 3033 (w), 2960 (w), 2912 (w), 1944 (w), 1888 (w), 1809 (w), 
1595 (m), 1576 (m), 1497 (m), 1455 (m), 1434 (m), 1411 (w), 1358 (w), 1309 
(w), 1247 (w), 1178 (w), 1153 (w), 1115 (w), 1075 (w), 1029 (w), 875 (m), 758 
(s), 698 (s) 
 MS: (ESI) 
  543.3 (M+H, 100) 
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 HRMS: (ESI) 
  Calc. for C40H35N2: 253.2800, found: 543.2796 
 TLC: Rf  0.71 (CH2Cl2/MeOH, 98/2) [silica gel, UV, PMA] 
 
(2R,5R)-1-Amino-2,5-bis(2-tolyl)pyrrolidine (67i) [TC-23-72] 
 
To a 10 mL, 1-necked round-bottom flask equipped with a stir bar and a nitrogen inlet 
adaptor was added N-nitroso-(2R,5R)-2,5-bis(2-tolyl)pyrrolidine 66i (214 mg, 0.76 mmol, 1 
equiv) and THF (1.6 mL) and zinc powder (210 mg, 3.2 mmol, 4 equiv). The flask was cooled to 
0 °C and conc. HCl (520 µL, 6.2 mmol, 8 equiv) was added to the mixture with vigorous stirring. 
After vigorous stirring at room temperature for 30 min, the reaction mixture was decanted into an 
ice-cold solution of NaOH (2 M, 20 mL) leaving consumed zinc powder in the flask. The 
aqueous phase was extracted with CH2Cl2 (15 mL × 3) and the combined organic phases was 
dried over Na2SO4, filtered over Celite (1 cm deep, 15 mL size, medium-porosity fritted funnel), 
eluted with CH2Cl2 (15 mL) and then concentrated to give 188 mg of 67i and 65i (83:17) as a 
mixture. The estimated yield for 67i was 158 mg (78%). The product was not stable towards 
silica gel chromatography and was used without further purification. 
 
Data for 67i: 
 1H NMR:      (500 MHz, CDCl3) 
  7.48 (d, J = 7.5 Hz, 2 H, HC(8)), 7.29 – 7.22 (m, 2 H, HC(7)), 7.20 – 7.14 (m, 4 
H, HC(6) and HC(5)), 4.59 (dd, J = 6.0, 4.3 Hz, 2 H, HC(1)), 2.54 – 2.46 (m, 2 H, 
H2C(2)), 2.61 (br s, 2 H, NH2), 2.44 (s, 6 H, H3C(9)), 1.93 – 1.86 (m, 2 H, 
H2C(2)). 
 MS: (ESI) 
  267.2 (M+H, 100), 252.2 (20), 235.2 (9), 143.1 (6), 105.1 (8) 
 HRMS: (ESI) 
  Calc. for C18H23N2: 267.1861, found: 267.1863 
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  Calc. for C18H22N: 252.1752, found: 252.1753 
 
 (R,S)-1-Amino-2,5-bis(2-tolyl)pyrrolidine (meso-67i) [TC-20-22] 
 
 To a flame-dried, 5 mL Schlenk reaction flask equipped with a septum was charged N-
nitroso-(2R,5R)-2,5-bis(2-tolyl)pyrrolidine 66i (42 mg , 0.15 mmol, 1 equiv). After three cycles 
of evacuation/argon fill, THF (1.5 mL) was added. The colorless solution was cooled to 0 °C, 
and a THF solution of LiAlH4 (1.19 M, 190 µL, 0.23 mmol, 1.5 equiv) was added dropwise. 
After stirring at 0 °C for 5 minutes, the ice/water bath was removed. The light yellow solution 
was stirred at room temperature for 2 h and then cooled to 0 °C. With vigorous stirring, the 
reaction was quenched by dropwise addition of H2O (150 µL), followed by a solution of NaOH 
(10%, 300 µL) and then H2O (150 µL). The mixture was filtered through a pad of Celite (0.6 cm 
deep, 15 mL size, medium-porosity fritted funnel), eluted with dichloromethane (20 mL). The 
organic phase from the filtrate was saved and the aqueous layer was extracted with 
dichloromethane (1.5 mL × 2). The combined organic extracts was dried over Na2SO4, filtered 
and concentrated to give a colorless film. Purification by column chromatography (SiO2, 1.5 × 
14 cm, CH2Cl2) afforded 12 mg (29%) of meso-67i as a light yellow film. 
 
Data for meso-67i: 
 1H NMR:      (500 MHz, CDCl3) 
  7.82 (d, J = 7.7 Hz, 2 H, HC(8)), 7.33 – 7.27 (m, 2 H, HC(7)), 7.21 – 7.14 (m, 4 
H, HC(6) and HC(5)), 3.85 (t, J = 5.9 Hz, 2 H, HC (1)), 2.84 (br s, 2 H, NH2), 
2.41 (s, 6 H, H3C(9)), 2.38 – 2.32 (m, 2 H, H2C(2)), 1.33 – 1.64 (m, 2 H, H2C(2)). 
 TLC: Rf  0.60 (CH2Cl2/MeOH, 98/2) [silica gel, KMnO4] 
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meso-2,5-Bis(2-tolyl)pyrrolidine (meso-65i) [TC-20-25] 
 
 To a 4 mL vial containing meso-1-amino-2,5-bis(2-tolyl)pyrrolidine meso-67i (12 mg , 
44 µmol, 1 equiv) and a stir bar was added glacial acetic acid (44 µL , 2 mmol, 44 equiv) at 0 °C. 
Sodium nitrite (3.3 mg, 45 µmol, 1 equiv) was added and the vial was sealed after purging with 
nitrogen. After vigorous stirring for 2 h, CH2Cl2 (1 mL) and 2 M NaOH (1 mL) were added at 0 
°C. The two phases are thoroughly mixed then settled. The organic phase was saved and the 
aqueous phase was extracted with CH2Cl2 (1 mL × 2). The combined organic phases was dried 
over Na2SO4, filtered and concentrated. Purification by column chromatography (SiO2, 1 × 12 
cm, CH2Cl2/MeOH, 100/0 then 98/2) afforded 3.8 mg (35%) of meso-85i as a colorless crystal. 
 
Data for meso-85i: 
 1H NMR:      (500 MHz, CDCl3) 
  7.96 (d, J = 7.7 Hz, 2 H, HC(8)), 7.28 – 7.24 (m, 2 H, HC(7)), 7.18 – 7.14 (m, 4 
H, HC(6) and HC(5)), 4.52 (app t, J = 5.6 Hz, 2 H, HC (1)), 2.39 (s, 6 H, H3C(9)), 
2.35 – 2.28 (m, 2 H, H2C(2)), 1.73 – 1.63 (m, 3 H, H2C(2) and NH). 
 TLC: Rf  0.23 (CH2Cl2/MeOH, 98/2) [silica gel, KMnO4] 
 
(R,S)-1-Benzyl-2,5-di(2-tolyl)pyrrolidine (meso-139) [TC-20-26] 
 
 To a 4 mL vial equipped with a PTFE septum cap and a stir bar was added meso-2,5-
bis(2-tolyl)pyrrolidine meso-65i (3.8 mg , 15 µmol, 1 equiv). The vial was purged with argon 
and CH2Cl2 (0.2 mL), benzaldehyde (1.6 µL, 15 µmol, 1 equiv) and sodium 
triacetoxyborohydride (4.8 mg, 22 µmol, 1.4 equiv) were added. After stirring at room 
temperature for 14 h, CH2Cl2 (1 mL) and a saturated solution of NaHCO3 (1 mL) were added. 
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The two phases are thoroughly mixed then settled. The organic phase was dried over Na2SO4, 
filtered and concentrated. Purification by column chromatography (SiO2, 1 × 20 cm, 
hexane/CH2Cl2, 20/1) afforded 3.7 mg (72%) of meso-139 as a colorless film. 
 
Data for meso-139: 
 1H NMR:      (500 MHz, CDCl3) 
  7.92 (d, J = 7.7 Hz, 2 H, HC(8)), 7.33 – 7.28 (m, 2 H, HC(7)), 7.21 – 7.17 (m, 7 
H, HC(Aryl)), 6.82 – 6.80 (m, 2 H, HC(Aryl)), 3.90 (app t, J = 5.6 Hz, 2 H, HC 
(1)), 3.65 (s, 2 H, HC(10)), 2.34 (s, 6 H, H3C(9)), 2.16 – 2.09 (m, 2 H, H2C(2)), 
1.63 – 1.56 (m, 2 H, H2C(2)). 
 TLC: Rf  0.22 (hexane/CH2Cl2, 20/1) [silica gel, UV, KMnO4] 
 
(2R,5R)-1-Amino-2,5-bis(5-methyl-2-thienyl)pyrrolidine (67j) [TC-21-64] 
 
Following General Procedure VIII, a mixture of N-nitroso-(2R,5R)-2,5-bis(5-methyl-2-
thienyl)pyrrolidine 66j (57 mg, 0.2 mmol, 1 equiv), dichloromethane (2.0 mL) and a hexanes 
solution of diisobutylaluminum hydride (1 M, 0.59 mL, 0.59 mmol, 3 equiv) were combined at 0 
°C in a 15 mL, one-necked round-bottom flask. After stirring at 21 °C for 2 h under argon, the 
reaction was carefully quenched with an aqueous solution of NaOH, filtered and extracted with 
dichloromethane. The ratio of 66j:67j was 33:67 based on NMR analysis. Purification by column 
chromatography (SiO2, 1 × 26 cm, CH2Cl2/MeOH, 98/2) afforded 26 mg (47%) of 67j as 
colorless oil. 
 
Data for 67j: 
 1H NMR:      (500 MHz, CDCl3)   
6.77 (d, J = 3.6 Hz, 2 H, HC(4)), 6.63 – 6.61 (m, 2 H, HC(5)), 4.26 (dd, J = 7.2, 
4.7 Hz, 2 H, HC(1)), 2.78 (s, 2 H, NH2), 2.49 – 2.42 (m, 2 H, H2C(2)), 2.47 (s, 6 
H, H3C(7)), 2.03 – 1.95 (m, 2 H, H2C(2)). 
 TLC: Rf  0.16  (CH2Cl2/MeOH, 98/2) [silica gel, UV, KMnO4] 
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Preparation of (R)-(2-Arylpyrrolidine)-N-iminoacetaldehyde (62) 
(R)-(2-(4-Methoxyphenyl)pyrrolidine)-N-iminoacetaldehyde (62a) [TC-22-39] 
 
 To a 10 mL, one-necked, round-bottom flask equipped with a stir bar was added an 
aqueous solution of glyoxal (40% w/w, 570 µL, 5.0 mmol, 20 equiv). A solution of N-amino-
(R)-2-(4-methoxyphenyl)pyrrolidine 61a (47.6 mg , 0.25 mmol, 1 equiv) in THF (2.5 mL) was 
added at 0 °C. The ice/water bath was removed and the flask was capped with a glass stopper. 
After stirring at 22 °C for 0.5 h, THF was evaporated under reduced pressure. The residue was 
taken up by dichloromethane (10 mL), and basified with saturated NaHCO3 (15 mL) in a 
separatory funnel. The organic layer was saved and the aqueous layer was extracted further with 
dichloromethane (10 mL × 4). The combined organic extract was dried over Na2SO4, filtered and 
concentrated to give a brown oil. Purification by column chromatography (SiO2, 1.5 × 16 cm, 
hexane/EtOAc with 1% Et3N, gradient elution, 9/1, 4/1, 2/1 then 1/1) afforded 42 mg (74%) of 
62a as a very viscous, red oil. 
 
Data for 61a: 
 1H NMR:      (500 MHz, CDCl3) 
  9.30 (d, J = 7.6 Hz, 1 H, HC(11)), 7.05 (d, J = 8.7 Hz, 2 H, HC(6)), 6.87 (d, J = 
8.7 Hz, 2 H, HC(7)), 6.62 (app br s, 1 H, HC(10)), 4.78 (app br s, 1 H, HC(1)), 
3.80 (s, 3 H, H3C(9)), 3.80  – 3.40 (br m, 2 H, HC(4)), 2.44 (dq, J = 14.9, 7.5 Hz, 
1 H, HC(2)), 2.20 – 2.00 (m, 2 H, HC(2) and/or HC(3)), 2.21 – 2.02 (m, 1 H, 
HC(2) or HC(3)). 
13C NMR:  (126 MHz, CDCl3) 
 190.7 (C(11)), 159.0 (C(8)), 131.0 (C(5)), 127.3 (C(6)), 114.2 (C(7)), 55.2 (C(9)), 
34.1 (C(2), broad), 22.0 (C(3)); C(1), C(4) and C(10) were not observed due to 
hindered rotation. 
 IR: (neat) 
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  3316 (w), 2954 (m), 2871 (m), 2836 (m), 2794 (m), 1734 (w), 1667 (s), 1610 (m), 
1585 (w), 1513 (s), 1455 (m), 1394 (s), 1337 (m), 1304 (m), 1248 (s), 1138 (s), 
1032 (m), 897 (w), 828 (m), 806 (w) 
 MS: (ESI) 
  255.1 (13, M+Na), 233.1 (100, M), 164.1 (12), 146.0 (18), 125.1 (12) 
 HRMS: (ESI) 
  Calc. for C13H17N2O2: 233.1290, found: 233.1289 
 TLC: Rf  0.22 (hexane/EtOAc, 2/1 with 1% Et3N) [silica gel, KMnO4] 
 
(R)-(2-(2-Naphthyl)pyrrolidine)-N-iminoacetaldehyde (62f) [TC-22-53] 
 
 To a 25 mL, one-necked, round-bottom flask equipped with a stir bar was added an 
aqueous solution of glyoxal (40% w/w, 920 µL, 8.0 mmol, 20 equiv). A solution of (R)-1-amino-
2-(2-naphthyl)pyrrolidine 61f (85 mg , 0.4 mmol, 1 equiv) in THF (4 mL) was added at 0 °C. 
The ice/water bath was removed and the flask was capped with a glass stopper. After stirring at 
22 °C for 0.5 h, THF was evaporated under reduced pressure. The residue was taken up by 
dichloromethane (20 mL), and basified with saturated NaHCO3 (20 mL) in a separatory funnel. 
The organic layer was saved and the aqueous layer was extracted further with dichloromethane 
(15 mL × 4). The combined organic extract was dried over Na2SO4, filtered and concentrated. 
Purification by column chromatography (SiO2, 1.5 × 28 cm, hexane/EtOAc, 4/1, then 3/1, both 
with 1% Et3N) afforded 83 mg (82%) of 62f as a very viscous, yellow oil. 
 
Data for 62f: 
 1H NMR:      (500 MHz, CDCl3) 
  9.31 (d, J = 7.6 Hz, 1 H, HC(16)), 7.86 – 7.78 (m, 3 H, HC(Aryl)), 7.55 (s, 1 H, 
HC(5)), 7.52 – 7.45 (m, 2 H, HC(Aryl)), 7.26 – 7.23 (m, 1 H, HC(Aryl)), 6.69 
(app br s, 1 H, HC(15)), 4.99 (app br s, 1 H, HC(1)), 3.95 – 3.40 (br m, 2 H, 
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HC(4)), 2.58  – 2.48 (m, 1 H, HC(2) or HC(3)), 2.23 – 2.04 (m, 3 H, HC(2) and 
HC(3)). 
13C NMR:  (126 MHz, CDCl3) 
 190.7 (C(16)), 133.2 (C(Aryl)), 132.8 (C(Aryl)), 131.2 (C(Aryl)), 128.9 
(C(Aryl)), 127.8 (C(Aryl), 127.7 (C(Aryl)), 126.4 (C(Aryl)), 126.0 (C(Aryl)), 
124.9 (C(Aryl)), 124.0 (C(Aryl)), 34.0 (C(2), broad), 22.0 (C(3)); C(1), C(4) and 
C(15) were not observed due to hindered rotation. 
 IR: (CDCl3 film) 
  3052 (w), 2975 (w), 2801 (w), 1667 (s), 1601 (w), 1514 (s), 1454 (w), 1393 (s) 
1319 (m), 1272 (m), 1158 (s), 1137 (s), 894 (w), 818 (m), 752 (m) 
 MS: (ESI) 
  253.1 (M+H, 100), 235.1 (4), 184.1 (4), 118.1 (5) 
 HRMS: (ESI) 
  Calc. for C16H17N2O: 253.1341, found: 253.1341 
 TLC: Rf  0.28 (hexane/EtOAc, 2/1 with 1% Et3N) [silica gel, UV, KMnO4] 
 
 
Preparation of (2R, 5R)-(2,5-Diarylpyrrolidine)-N-iminoacetaldehyde (68) 
(2R,5R)-(2,5-Bis(4-methoxyphenyl)pyrrolidine)-N-iminoacetaldehyde (68a) [TC-22-51] 
 
 Following General Procedure IX, to a 10 mL, one-necked, round-bottom flask equipped 
with a stir bar was added an aqueous solution of glyoxal (40% w/w, 360 µL, 3.15 mmol, 20 
equiv). A solution of (2R,5R)-amino-2,5-bis(4-methoxyphenyl)pyrrolidine 67a (47 mg , 0.16 
mmol, 1 equiv) in THF (1.6 mL) was added at 0 °C. The flask was capped with a glass stopper 
and stirred at 0 °C for 1 h. The reaction was basified with a solution of saturated NaHCO3 (1.5 
mL), vigorously stirred at 0 °C for 3 minutes. The organic phase was saved and the aqueous 
phase was extracted with dichloromethane (1 mL × 5). The combined organic phase was dried 
over Na2SO4, filtered and concentrated to give a very light yellow oil. Purification by column 
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chromatography (SiO2, 1.5 × 18 cm, CH2Cl2 with 1% Et3N) afforded 52.7 mg (99%) of 68a as a 
waxy, ivory colored solid. 
 
Data for 68a: 
 1H NMR:      (500 MHz, C6D6, 60 °C)   
9.61 (d, J = 7.6 Hz, 1 H, HC(9)), 6.85 (d, J = 8.2 Hz, 4 H, HC(4)), 6.79 (d, J = 8.1 
Hz, 4 H, HC(5)), 6.64 (d, J = 7.5 Hz, 1 H, HC(8)), 4.66 (app br s, 2 H, HC(1)), 
2.13 – 2.02 (m, 2 H, H2C(2)), 1.52 – 1.40 (m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, C6D6, 60 °C) 
 189.3 (C(9)), 159.6 (C(6)), 133.3 (C(3)), 127.5 (C(4)), 114.7 (C(5)), 65.9 (C(1), 
broad), 54.9 (C(7)), 31.7 (C(2)); C(3) and C(8) were not observed due to hindered 
rotation.  
 IR: (CDCl3 film) 
  2935 (w), 1666 (m), 1610 (m), 1512 (m), 1462 (w), 1390 (m), 1288 (w), 1248 
(m), 1175 (m), 1139 (m), 1033 (m), 829 (m) 
 MS: (ESI) 
  361.1 (7, M+Na), 339.2 (100, M+H), 321.2 (6), 267.1 (3) 
 HRMS: (ESI) 
  Calc. for C20H23N2O3: 339.1709, found: 339.1704 
 TLC: Rf  0.62  (CH2Cl2/MeOH, 98/2 with 1% Et3N) [silica gel, UV, KMnO4] 
 
(2R,5R)-(2,5-Bis(2-naphthyl)pyrrolidine)-N-iminoacetaldehyde (68f) [TC-22-73] 
 
 Following General Procedure IX, to a 15 mL, one-necked, round-bottom flask equipped 
with a stir bar was added an aqueous solution of glyoxal (40% w/w, 390 µL, 3.4 mmol, 20 
equiv). A solution of (2R,5R)-1-amino-2,5-bis(2-naphthyl)pyrrolidine 67f (57 mg , 0.17 mmol, 1 
equiv) in THF (1.7 mL) was added at 0 °C. The ice/water bath was removed, and the flask was 
capped with a glass stopper. After stirring at 21 °C for 0.5 h, TLC indicated the complete 
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consumption of 67f. The reaction was basified with a solution of saturated NaHCO3 (7 mL) at 0 
°C, vigorously stirred for 3 minutes. The organic phase was saved and the aqueous phase was 
extracted with dichloromethane (3 mL × 3). The combined organic phase was dried over 
Na2SO4, filtered and concentrated to give a light yellow oil. Purification by column 
chromatography (SiO2, 1.5 × 18 cm, CH2Cl2 with 1% Et3N) afforded 60 mg (94%) of 68f as a 
white solid. 
 
Data for 68f: 
 1H NMR:      (500 MHz, CDCl3)   
9.20 (d, J = 7.6 Hz, 1 H, HC(14)), 7.90 (d, J = 8.5 Hz, 2 H, HC(Aryl)), 7.88 – 
7.79 (br m, 4 H, HC(Aryl)), 7.61 (br s, 2 H, HC(3)), 7.55 – 7.49 (m, 4 H, 
HC(Aryl)), 7.33 (br d, J = 8.1 Hz, 2 H, HC(Aryl)), 6.60 (d, J = 7.1 Hz, 1 H, 
HC(13)), 5.70 – 5.10 (br m, 4 H, HC(1)), 2.85 – 2.60 (br m, 2 H, H2C(2)), 2.15 – 
1.97 (br m, 2 H, H2C(2));  
13C NMR:  (126 MHz, CDCl3) 
 190.7 (C(14)) 133.3 (C(Aryl)), 133.1 (C(Aryl)), 132.8 (C(Aryl)), 129.3 (C(Aryl)), 
127.9 (C(Aryl)), 127.7 (C(Aryl)), 126.5 (C(Aryl)), 126.2 (C(Aryl)), 124.4 
(C(Aryl)), 123.7 (C(Aryl)), 69.1 (C(1)), 64.2 (C(1)), 32.1 (C(2)), 30.8 (C(2)); due 
to hindered rotation, many signals were broadened, the molecule became 
unsymmetrical and some carbons were not observed.  
 IR: (CDCl3 film) 
  3055 (w), 2979 (w), 2802 (w), 1666 (s), 1601 (w), 1519 (s), 1444 (w), 1389 (s), 
1312 (m), 1285 (m), 1247 (m), 1169 (m), 1137 (s), 855 (m), 817 (m) 
 MS: (ESI) 
  401.2 (M+Na, 3), 379.2 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C26H23N2O: 379.1810, found: 379.1813 
 TLC: Rf  0.20  (CH2Cl2 with 1% Et3N) [silica gel, UV] 
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(2R,5R)-(2,5-Bis(3,5-dimethyphenyl)pyrrolidine)-N-iminoacetaldehyde (68g) [TC-22-96] 
 
 Following General Procedure IX, to a 15 mL, one-necked, round-bottom flask equipped 
with a stir bar was added an aqueous solution of glyoxal (40% w/w, 390 µL, 3.4 mmol, 20 
equiv). A solution of (2R,5R)-1-amino-2,5-bis(3,5-dimethylphenyl)pyrrolidine 67g (50 mg , 0.17 
mmol, 1 equiv) in THF (1.0 mL) was added at 0 °C. The ice/water bath was removed, and the 
flask was capped with a glass stopper. After stirring at 21 °C for 0.5 h, TLC indicated the 
complete consumption of 67g. The reaction was basified with a solution of saturated NaHCO3 (1 
mL) at 0 °C, vigorously stirred for 3 minutes. The organic phase was saved and the aqueous 
phase was extracted with dichloromethane (1 mL × 3). The combined organic phase was dried 
over Na2SO4, filtered and concentrated to give a light yellow oil and solid. Purification by 
column chromatography (SiO2, 1.5 × 16 cm, CH2Cl2/hexane, 4/1 with 1% Et3N) afforded 48 mg 
(84%) of 69g as a slightly tanned solid. 
 
Data for 68g: 
 1H NMR:      (500 MHz, CDCl3)   
9.22 (d, J = 7.6, 1 H, HC(9)), 6.92 (s, 2 H, HC(6)), 6.74 (s, 4 H, HC(4)), 6.50  (d, 
J = 7.6, 4 H, HC(8)), 5.26 (app br s, 1 H, HC(1)), 4.90 (app br s, 1 H, HC(1)), 
2.60 (app s, 2 H, H2C(2)), 2.33 (s, 12 H, H3C(7)), 1.92 (app s, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 190.9 (C(9)), 142.5 (C(5)), 138.7 (C(5)), 138.2 (C(5)), 128.2 (C(8)),  129.4 (C(6)), 
129.1 (6), 124.1 (C(4)), 123.3 (C(4)), 68.8 (C(1)), 64.5 (C(1)), 32.1 (C(2)), 30.8 
(C(2)), 21.4 (C(7)). 
 IR: (CDCl3 film) 
  3010 (m), 2975 (m), 2940 (m), 2918 (m), 2871 (m), 2804 (m), 1667 (s), 1604 (m), 
1519 (s), 1454 (m), 1389 (s), 1320 (m), 1306 (m), 1281 (m), 1246 (m), 1188 (m), 
1165 (m), 1137 (s), 1039 (w), 957 (w), 845 (s) 
 MS: (ESI) 
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  335.2 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C22H27N2O: 335.2133, found: 335.2131 
 TLC: Rf  0.81  (CH2Cl2/MeOH, 98/2 with 1% Et3N) [silica gel, UV] 
 
(2R,5R)-(2,5-Bis(5-phenylbiphenyl-3-yl)pyrrolidine)-N-iminoacetaldehyde (69h) [TC-23-42] 
 
 Following General Procedure IX, to a 10 mL, one-necked, round-bottom flask equipped 
with a stir bar was added an aqueous solution of glyoxal (40% w/w, 230 µL, 2 mmol, 20 equiv). 
A solution of (2R,5R)-1-amino-2,5-bis(5-phenylbiphenyl-3-yl)pyrrolidine 67h (55 mg , 0.1 
mmol, 1 equiv) in THF (1.0 mL) was added at 0 °C. The ice/water bath was removed, and the 
flask was capped with a glass stopper. After stirring at 21 °C for 0.5 h, TLC indicated the 
complete consumption of 67h. The reaction was basified with a solution of saturated NaHCO3 
(7.5 mL) at 0 °C, vigorously stirred for 3 minutes. The organic phase was saved and the aqueous 
phase was extracted with dichloromethane (3 mL × 3). The combined organic phases was dried 
over Na2SO4, filtered and concentrated to give a light yellow oil and solid. Purification by 
column chromatography (SiO2, 1.5 × 21 cm, CH2Cl2/hexane, gradient elution, 4/1 then 3/1 with 
1% Et3N) afforded 51 mg (87%) of 68h as a white solid. 
 
Data for 69h: 
 1H NMR:      (500 MHz, CDCl3) 
  9.35 (d, J = 7.6 Hz, 1 H, HC(8)), 7.76 (s, 2 H, HC(6)), 7.65 (d, J = 7.4 Hz, 8 H, 
HC(8)),  7.51 (t, J = 7.6 Hz, 8 H, HC(9)), 7.42 (t, J = 7.4 Hz, 4 H, HC(10)),  7.37 
(br s, 4 H, HC(4)), 6.70 (d, J = 7.6 Hz, 1 H, HC(7)), 5.56 (br s, 1 H, HC(1)), 5.20 
(br s, 1 H, HC(1)), 2.78  (app br s, 2 H, H2C(2)), 2.17 – 2.09 (m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 190.8 (C(8)), 133.3 (C(Aryl)), 128.9 (C(Aryl)), 127.7 (C(Aryl)), 127.3 (C(Aryl)); 
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because of hindered rotation, many signals are not well defined or not observed.  
 IR: (CDCl3 film) 
  3033 (w), 2923 (s), 2853 (m), 1951 (w), 1882 (w), 1668 (s), 1596 (m), 1576 (m), 
1519 (s), 1498 (m), 1455 (m), 1434 (m), 1388 (m), 1304 (w), 1283 (m), 1249 (w), 
1171 (m), 1138 (m), 1076 (w), 1029 (w), 875 (m), 844 (w), 758 (s), 698 (s) 
 MS: (ESI) 
  583.3 (M+H, 100), 526.3 (12), 338.3 (8) 
 HRMS: (ESI) 
  Calc. for C42H35N2O: 583.2749, found: 583.2751 
 TLC: Rf  0.22 (hexane/CH2Cl2, 1/4 with 0.1% Et3N) [silica gel, UV] 
 
(2R,5R)-(2,5-Bis(2-tolyl)pyrrolidine)-N-iminoacetaldehyde (69i) [TC-23-73] 
 
 
 Following General Procedure IX, to a 10 mL, one-necked, round-bottom flask equipped 
with a stir bar was added an aqueous solution of glyoxal (40% w/w, 620 µL, 5.4 mmol, 20 
equiv). A solution of (2R,5R)-1-amino-2,5-bis(2-tolyl)pyrrolidine 67i (72 mg , 0.27 mmol, 1 
equiv) as a mixture with (2R,5R)-2,5-bis(2-tolyl)pyrrolidine 65i (14 mg , 0.06 mmol, 1 equiv)  in 
THF (1.0 mL) was added at 0 °C. The ice/water bath was removed, and the flask was capped 
with a glass stopper. After stirring at 21 °C for 0.5 h, the reaction was basified with a solution of 
saturated NaHCO3 (2 mL) at 0 °C, vigorously stirred for 3 minutes. The organic phase was saved 
and the aqueous phase was extracted with dichloromethane (2 mL × 4). The combined organic 
phases was dried over Na2SO4, filtered and concentrated to give a light yellow oil and solid. 
Purification by column chromatography (SiO2, 1.5 × 27 cm, hexane/EtOAc, 9/1) afforded 73 mg 
(88%) of 68i as a slightly sticky white solid which adsorbs a small amount of hexane. 
 
Data for 68i: 
 1H NMR:      (500 MHz, CDCl3) 
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  9.23 (d, J = 7.6 Hz, 1 H, HC(11)), 7.28 – 7.12 (m, 6 H, HC(5), HC(6) and HC(7)), 
6.92 (d, J = 6.9 Hz, 1 H, HC(8)), 6.84 (br s, 1 H, HC(8)), 6.34 (d, J = 7.6 Hz, 1 H, 
HC(10)), 5.53 (d, J = 5.8 Hz, 1 H, HC(1)), 5.12 (d, J = 6.2 Hz, 1 H, HC(1)), 2.65 
– 2.52 (m, 2 H, H2C(2)), 2.42 (s, 3 H, H3C(9)), 2.40 (s, 3 H, H3C(9)), 1.92 – 1.80 
(m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 190.7 (C(11)), 140.6 (C(3)), 135.2 (C(3)), 134.7 (C(4)), 134.3 (C(4)), 132.8 
(C(10)), 131.5 (C(5)), 130.9 (C(5)), 127.7 (C(7) or C(6)), 127.3 (C(7) or C(6)), 
126.4 (C(6) or C(7)), 126.0 (C(6) or C(7)), 125.4 (C(8)), 124.6 (C(8)), 66.3 
(C(3)), 61.7 (C(3)), 29.6 (C(2)), 28.7 (C(2)), 19.4 (C(9)), 19.2 (C(9)). 
 IR: (CDCl3 film) 
  3066 (w), 3021 (w), 2976 (w), 2871 (w), 2801 (w), 1668 (s), 1601 (w), 1518 (s), 
1487 (m), 1460 (m), 1390 (m) 1348 (w), 1307 (m), 1287 (w), 1251 (m), 1220 (w), 
1175 (m), 1147 (s), 1100 (w), 1052 (w), 1024 (w), 898 (w), 841 (w), 763 (m), 741 
(m) 
 MS: (ESI) 
  329.2 (M+Na, 8), 307.2 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C20H23N2O: 307.1810, found: 307.1816 
 TLC: Rf  0.20 (hexane/EtOAc, 9/1) [silica gel, UV, KMnO4] 
 
(2R,5R)-(2,5-Bis(5-methyl-2-thienyl)pyrrolidine)-N-iminoacetaldehyde (68j) [TC-
21-65] 
 
 Following General Procedure IX, to a 4 mL vial equipped with a stir bar was added an 
aqueous solution of glyoxal (40% w/w, 100 µL, 0.88 mmol, 20 equiv). A solution of (2R,5R)-1-
amino-2,5-bis(5-methyl-2-thienyl)pyrrolidine 67j (12 mg , 44 µmol, 1 equiv) in THF (0.66 mL) 
was added at 0 °C. The ice/water bath was removed, and the vial was sealed with a PTFE septum 
cap. After stirring at 21 °C for 0.5 h, TLC indicated the complete consumption of 67j. The 
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reaction was basified with a solution of saturated NaHCO3 (1 mL) at 0 °C, vigorously stirred for 
3 minutes. The aqueous phase was extracted with dichloromethane (1 mL × 5). The combined 
organic phases was dried over Na2SO4, filtered and concentrated to give a light yellow oil and 
solid. Purification by column chromatography (SiO2, 1 × 25 cm, CH2Cl2/hexane, 4/1, with 1% 
Et3N) afforded 14mg (99%) of 68j as colorless flakes. 
 
Data for 68j: 
 1H NMR:      (500 MHz, CDCl3)   
9.28 (d, J = 7.6 Hz, 1 H, HC(9)), 6.70 – 6.60 (br m, 3 H, HC(8) and HC(4)), 6.60 
– 6.58 (br m, 2 H, HC(5)), 5.16 (app br s, 2 H, HC(1)), 2.72 – 2.62 (m, 2 H, 
H2C(2)), 2.44 (s, 6 H, H3C(7)), 2.15 – 2.05 (m, 2 H, H2C(2)). 
 TLC: Rf  0.16  (CH2Cl2/hexane, 4/1) [silica gel, UV, KMnO4] 
 
 
Preparation of N,N'-(Ethane-1,2-diylidene)bis-((2R)-(2-arylpyrrolidin-1-amine)) (63) 
N,N'-(Ethane-1,2-diylidene)bis-((R)-(2-(4-methoxyphenyl)pyrrolidin-1-amine)) 
(63a) [TC-22-40] 
 
 To a 15 mL, one-necked, round-bottom flask equipped with a stir bar, an argon gas inlet 
and a septum was added (R)-(2-(4-methoxyphenyl)pyrrolidine)-N-iminoacetaldehyde (62a) (40 
mg, 0.17 mmol, 1 equiv) and Na2SO4 (13 mg, 0.09 mmol, 0.5 equiv). After two cycles of 
evacuation/argon fill, a solution of N-amino-(R)-2-(4-methoxyphenyl)pyrrolidine (61a) (37 mg, 
0.19 mmol, 1.1 equiv) in dichloromethane (0.86 mL) was added at room temperature to give a 
red solution. After stirring at 22 °C for 20 h, the solvent was evaporated under reduced pressure 
to give a red oil. Purification by column chromatography (SiO2, 1.5 × 16 cm, hexane/EtOAc with 
1% Et3N, gradient elution, 9/1, then 4/1) afforded 60 mg (86%) of 63a as a slightly pink, white 
solid. The target compound is very unstable in air and gradually turned into a purple sticky oil. 
318 
 
Data for 63a: 
 1H NMR:      (500 MHz, CDCl3)   
  7.13 (d, J = 8.5 Hz, 4 H, HC(6)), 6.97 (s, 2 H, HC(10)), 6.83 (d, J = 8.5 Hz, 4 H, 
HC(7)), 4.43 (dd, J = 8.0, 5.2 Hz, 2 H, HC(1)), 3.78 (s, 6 H, HC(9)), 3.62 (ddd, J 
= 9.7, 7.6, 4.2 Hz, 2 H, HC(4)), 3.21 (q, J = 9.5, 2 H HC(4)), 2.28 (dq, J = 12.6, 
7.9 Hz, 2 H, HC(2)), 2.04 – 1.83 (m, 4 H, HC(3)), 1.80 – 1.73 (m, 2 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 158.4 (C(8)), 135.9 (C(5)), 134.8 (C(10)), 127.3 (C(6)), 113.8 (C(7)), 65.6 (C(1)), 
55.2 (C(9)), 51.2 (C(4)), 34.5 (C(2)), 22.1 (C(3)). 
 IR: (CDCl3 film) 
  2965 (m), 2834 (m), 1611 (m), 1585 (w), 1541 (m), 1511 (s), 1462 (m), 1338 (w), 
1301 (w), 1246 (s), 1172 (m), 1126 (m), 1032 (m), 828 (m), 806 (w) 
 MS: (ESI) 
  407.2 (100, M+H) 
 HRMS: (ESI) 
  Calc. for C24H31N4O2: 407.2447, found: 407.2437 
 TLC: Rf  0.39  (hexane/EtOAc, 2/1 with 1% Et3N) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +229.3 (c = 0.15, chloroform) 
 
N,N'-(Ethane-1,2-diylidene)bis-((R)-(2-(2-naphthyl)pyrrolidin-1-amine)) (63f) 
[TC-22-54] 
 
 To a 25 mL, one-necked, round-bottom flask equipped with a stir bar, an argon gas inlet 
and a septum was added (R)-(2-(2-naphthyl)pyrrolidine)-N-iminoacetaldehyde 62f (82 mg, 0.32 
mmol, 1 equiv) and Na2SO4 (24 mg, 0.16 mmol, 0.5 equiv). After two cycles of 
evacuation/argon fill, a solution of N-amino-(R)-2-(2-naphthyl)pyrrolidine 61f (76 mg, 0.36 
mmol, 1.1 equiv) in dichloromethane (1.65 mL) was added at room temperature to give a yellow 
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solution. After stirring at 22 °C for 20 h, the solvent was evaporated. The crude product was 
purified by column chromatography (SiO2, 1.5 × 21 cm, CH2Cl2 with 1% Et3N) to afford 125 mg 
(86%) of 63f as a white solid.  
 
Data for 63f: 
 1H NMR:      (500 MHz, CDCl3)   
  7.81 – 7.76 (m, 4 H, HC(Aryl)), 7.65 (br s, 4 H, HC(5)), 7.47 – 7.39 (m, 4 H, 
HC(Aryl)), 7.35 – 7.32 (m, 2 H, HC(Aryl)), 7.03 (s, 0.36 H, HC(15)), 7.01 (s, 
0.64 H, HC(15)), 4.65 – 4.61 (m, 2 H, HC(1)), 3.73 – 3.68 (m, 2 H, HC(4)), 3.31 
– 3.24 (m, 2 H, HC(4)), 2.41 – 2.33 (m, 2 H, HC(2)), 2.06 – 1.91 (m, 4 H, 
H2C(3)), 1.90 – 1.83 (m, 2 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 141.3 (C(6)), 141.2 (C(6)), 134.9 (C(9) or C(14)), 134.9 (C(9) or C(14)), 133.4 
(C(Aryl)), 132.6 (C(Aryl)), 128.2 (C(Aryl)), 127.8 (C(Aryl)), 127.8 (C(Aryl)), 
127.5 (C(Aryl)), 125.9 (C(Aryl)), 125.4 (C(Aryl)), 125.3 (C(Aryl)), 124.8 (C(5) 
or (C(7)), 124.7 (C(5) or (C(7)), 66.5 (C(1)), 66.3 (C(1)), 51.5 (C(4)), 51.5 (C(4)), 
34.3 (C(2)), 34.3 (C(2)), 22.2 (C(3)), 22.2 (C(3)). 
 IR: (CDCl3 film) 
  3053 (m), 2969 (m), 2868 (m), 1632 (w), 1600 (w), 1543 (s), 1507 (m), 1477 (w), 
1444 (w), 1367 (m), 1334 (m), 1311 (m), 1270 (m), 1197 (s), 1126 (s), 1030 (w), 
855 (m), 817 (s), 748 (s) 
 MS: (ESI) 
  447.3 (100, M+H) 
 HRMS: (ESI) 
  Calc. for C30H31N4: 447.2549, found: 447.2547 
 TLC: Rf  0.73  (hexane/EtOAc, 1/1 with 0.5% Et3N) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +295.0 (c = 0.15, chloroform) 
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Preparation of N,N'-(Ethane-1,2-diylidene)bis-((2R,5R)-(2,5-diarylpyrrolidin-1-amine))  
N,N'-(Ethane-1,2-diylidene)bis-((2R,5R)-(2,5-bis(4-methoxyphenyl)pyrrolidin-1-amine)) 
(50a) [TC-22-55] 
N
OMe
1
2
3
4
5
6
7
N
N
8
N
OMe
MeO
MeO
Na2SO4
(0.5 equiv)
CH2Cl2
22 °C. 20 h
N
OMe
N
MeO N
OMe
NH2MeO
O
+
50a  
 Following General Procedure X, to an oven-dried, 10-mL, Schlenk reaction flask 
equipped with a stir bar and a septum was added Na2SO4 (11 mg, 0.08 mmol, 0.5 equiv), a 
dichloromethane solution of (2R,5R)-(2,5-bis(4-methoxyphenyl)pyrrolidine)-N-
iminoacetaldehyde 68a (51 mg, 0.15 mmol, 1 equiv) and a dichloromethane solution of (2R,5R)-
1-amino-2,5-bis(4-methoxyphenyl)pyrrolidine 67a (50 mg, 0.17 mmol, 1.1 equiv). The solvent 
was carefully evaporated under reduced pressure assisted by vigorous stirring to give a light 
yellow solid. The flask was then filled with argon and dichloromethane (0.75 mL) was added to 
give a light yellow solution. The reaction was stirred at 22 °C for 20 h, and the solution was 
filtered, concentrated to give a lightly yellow solid. Purification by column chromatography 
(SiO2, 1.5 × 22 cm, CH2Cl2/hexane, 9/1, with 1% Et3N) afforded 93 mg (84%) of 50a as a white 
solid.  
 
Data for 50a: 
 1H NMR:      (500 MHz, CDCl3) 
7.02 (d, J = 8.4 Hz, 4 H, HC(4)), 6.83 (d, J = 8.7 Hz, 4 H, HC(5)), 6.62 (s, 2 H, 
HC(8)), 4.92 (d, J = 6.8 Hz, 4 H, HC(1)), 3.80 (s, 12 H, H3C(7)), 2.42 – 2.33 (m, 
4 H, HC(2)), 1.67 – 1.57 (m, 4 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
158.4 (C(6)), 135.5 (C(3)), 134.4 (C(8)), 127.2 (C(4)), 113.8 (C(5)), 64.0 (C(1)), 
55.3 (C(7)), 31.2 (C(2)). 
 IR: (CDCl3 film) 
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  2982 (m), 2955 (m), 2898 (m), 2833 (m), 1610 (m), 1584 (m), 1542 (m), 1510 (s), 
1461 (m), 1420 (w), 1352 (m), 1246 (s), 1172 (s), 1139 (m), 1107 (m), 1033 (m), 
890 (w), 868 (w), 829 (m), 808 (m), 764 (w), 728 (m) 
 MS: (ESI) 
  619.3 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C38H43N4O4: 619.3284, found: 619.3277 
 TLC: Rf  0.18 (CH2Cl2/hexane, 9/1 with 0.5% Et3N) [silica gel, UV] 
 Opt. Rot.: [α]D
24 +467.4 (c = 0.15, chloroform) 
 
N,N'-(Ethane-1,2-diylidene)bis-((2R,5R)-(2,5-bis(2-naphthyl)pyrrolidin-1-amine)) 
(50f)  [TC-22-75] 
 
 Following General Procedure X, to an oven-dried, 10-mL, Schlenk reaction flask 
equipped with a stir bar and a septum was added Na2SO4 (10.9 mg, 0.075 mmol, 0.5 equiv), a 
dichloromethane solution of (2R,5R)-(2,5-bis(2-naphthyl)pyrrolidine)-N-iminoacetaldehyde 68f 
(58 mg, 0.15 mmol, 1 equiv) and a dichloromethane solution of (2R,5R)-1-amino-2,5-bis(2-
naphthyl)pyrrolidine 67f (57 mg, 0.17 mmol, 1.1 equiv). The solvent was carefully evaporated 
under reduced pressure assisted by vigorous stirring to give a light yellow solid. The flask was 
then filled with argon and dichloromethane (0.75 mL) was added to give a light yellow solution. 
The reaction was stirred at 21 °C for 20 h, and the solution was filtered, concentrated to give a 
lightly yellow solid. Purification by column chromatography (SiO2, 1.5 × 22 cm, hexane/CH2Cl2, 
3/2, with 1% Et3N) afforded 93 mg (87%) of 50f as a white solid.  
 
Data for 50f: 
 1H NMR:      (500 MHz, CDCl3)   
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  7.85 – 7.76 (m, 4 H, HC(Aryl)), 7.53 – 7.45 (m, 12 H, HC(Aryl)), 7.27 – 7.25 (m, 
4 H, HC(Aryl)), 5.20 (d, J = 7.0 Hz, 4 H, HC(1)), 2.55 – 2.45 (m, 4 H, HC(2)), 
1.79 – 1.72 (m, 4 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 140.7 (C(4)), 134.5 (C(13)), 133.4 (C(12) or C(7)), 132.6 (C(12) or C(7)), 128.3 
(C(Aryl)), 128.0 (C(Aryl)), 127.6 (C(Aryl)), 126.0 (C(Aryl)), 125.5 (C(Aryl)), 
124.8 (C(Aryl)), 124.7 (C(Aryl)), 64.8 (C(1)), 31.0 (C(2)). 
 IR: (CDCl3 film) 
  3053 (m), 2972 (m), 2940 (m), 2871 (m), 1672 (w), 1632 (w), 1599 (m), 1540 
(m), 1508 (m), 1443 (w), 1369 (m), 1311 (m), 1268 (m), 1219 (s), 1161 (s), 1135 
(s), 1052 (w), 1018 (w), 984 (w), 950 (w), 855 (m), 816 (s) 
 MS: (ESI) 
  699.3 (100, M+H) 
 HRMS: (ESI) 
  Calc. for C50H43N4: 699.3488, found: 699.3488 
 TLC: Rf  0.30  (hexane/CH2Cl2, 6/4 with 0.1% Et3N) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +626.0 (c = 0.15, chloroform) 
 
N,N'-(Ethane-1,2-diylidene)bis-((2R,5R)-(2,5-bis(3,5-dimethyphenyl)pyrrolidin-1-amine)) 
(50g) [TC-22-97] 
 
 Following General Procedure X, to an oven-dried, 5-mL, Schlenk reaction flask equipped 
with a stir bar and a septum was added Na2SO4 (10 mg, 0.07 mmol, 0.5 equiv), a 
dichloromethane solution of (2R,5R)-(2,5-bis(3,5-dimethyphenyl)pyrrolidine)-N-
iminoacetaldehyde 68g (47 mg, 0.14 mmol, 1 equiv) and a dichloromethane solution of (2R,5R)-
1-amino-2,5-bis(3,5-dimethyphenyl)pyrrolidine 67g (46 mg, 0.15 mmol, 1.1 equiv). The solvent 
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was carefully evaporated under reduced pressure assisted by vigorous stirring to give a light 
yellow solid. The flask was then filled with argon and dichloromethane (0.7 mL) was added to 
give a light yellow solution. The reaction was stirred at 21 °C for 20 h. Purification by column 
chromatography (SiO2, 1.5 × 21 cm, hexane/CH2Cl2, 2/1, with 1% Et3N) afforded 77 mg (90%) 
of 50g as a white solid. Recrystallization from hexanes afforded 71 mg (83%) of 50g as a fluffy 
needle. 
 
Data for 50g: 
 1H NMR:      (500 MHz, CDCl3)   
6.87 (s, 4 H, HC(6)), 6.74 (s, 8 H, HC(4)), 6.69 (s, 2 H, HC(8)), 4.95  (d, J = 7.1  
Hz, 4 H, HC(1)), 2.47 – 2.43 (m, 4 H, H2C(2)), 2.31 (s, 24 H, H3C(7)), 1.71 – 1.63 
(m, 4 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 143.6 (C(3)), 137.8 (C(5)), 134.5 (C(8)), 128.3 (C(6)),  123.9 (C(4)), 64.6 (C(1)), 
31.1 (C(2)), 21.4 (C(7)). 
 IR: (CDCl3 film) 
  2969 (m), 2917 (m), 2871 (m), 1602 (m), 1542 (m), 1455 (m), 1376 (w), 1316 
(m), 1296 (w), 1267 (m), 1211 (s) 1155 (s), 1040 (w), 703 (m) 
 MS: (ESI) 
  611.4 (M+H, 100), 335.2 (43) 
 HRMS: (ESI) 
  Calc. for C42H51N4: 611.4114, found: 611.4125 
 TLC: Rf  0.16  (hexane/CH2Cl2, 2/1 with 0.1% Et3N) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 313.5 (c = 0.15, chloroform) 
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N,N'-(Ethane-1,2-diylidene)bis-((2R,5R)-(2,5-bis(5-phenylbiphenyl-3-yl)pyrrolidin-1-
amine)) (50h) [TC-23-43] 
 
 Following General Procedure X, to an oven-dried, 5-mL, Schlenk reaction flask equipped 
with a stir bar and a septum was added Na2SO4 (6.2 mg, 0.044 mmol, 0.5 equiv), a 
dichloromethane solution of (2R,5R)-(2,5-bis(5-phenylbiphenyl-3-yl)pyrrolidine)-N-
iminoacetaldehyde 68f (48 mg, 0.082 mmol, 1 equiv) and a dichloromethane solution of 
(2R,5R)-1-amino-2,5-bis(5-phenylbiphenyl-3-yl)pyrrolidine 67h (53 mg, 0.98 mmol, 1.2 equiv). 
The solvent was carefully evaporated under reduced pressure assisted by vigorous stirring to give 
a light yellow solid. The flask was then filled with argon and dichloromethane (0.45 mL) was 
added to give a light yellow solution. The reaction was stirred at 21 °C for 20 h, and then 
concentrated to give a bright yellow gel. Purification by column chromatography (SiO2, 1.5 × 30 
cm, hexane/CH2Cl2, 1/1, with 0.5% Et3N) afforded 54 mg (59%) of 50h as a white powder after 
trituration with hexanes. 
 
Data for 50h: 
 1H NMR:      (500 MHz, CDCl3) 
  7.67 (s, 4 H, HC(6)), 7.61 – 7.57 (m, 16 H, H2C(Aryl)), 7.38 – 7.30 (m, 32 H, 
H2C(Aryl)), 6.95 (s, 2 H, HC(7)), 5.22 (d, J = 6.9 Hz, 4 H, HC(1)), 2.63 – 2.54 
(m, 4 H, H2C(2)), 1.86 – 1.79 (m, 2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 144.4 (C(3)), 142.0 (C(5)), 141.1 (C(Aryl)), 134.7 (7), 128.8 (C(Aryl)), 127.3 
(C(Aryl)), 127.2 (C(Aryl)), 124.8 (C(6)), 124.0 (C(4)), 65.0 (br, C(1)), 31.3 
(C(2)). 
 IR: (CDCl3 film) 
  3058 (m), 3032 (m), 2973 (m), 2940 (w), 2871 (w), 1947 (w), 1885 (w), 1596 (s), 
1576 (m), 1542 (m), 1497 (m), 1454 (m), 1433 (m), 1410 (m), 1344 (w), 1316 
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(m), 1268 (m), 1215 (m), 1164 (m), 1143 (m), 1075 (w), 1029 (w), 980 (w), 875 
(m), 757 (s), 698 (s) 
 MS: (ESI) 
  1107.5 (M+H, 100), 637 (24), 583 (47) 
 HRMS: (ESI) 
  Calc. for C82H67N4: 1107.5366, found: 1107.5365 
 TLC: Rf  0.55 (hexane/CH2Cl2, 1/1 with 0.5% Et3N) [silica gel, UV] 
 Opt. Rot.: [α]D
24 +444.0 (c = 0.15, chloroform) 
 
N,N'-(Ethane-1,2-diylidene)bis-((2R,5R)-(2,5-bis(2-tolyl)pyrrolidin-1-amine)) (50i) [TC-23-
74] 
 
 To an oven-dried, 5-mL, Schlenk reaction flask equipped with a stir bar and a septum 
was added Na2SO4 (16.2 mg, 0.11 mmol, 0.5 equiv), a dichloromethane solution of (2R,5R)-(2,5-
bis(2-tolyl)pyrrolidine)-N-iminoacetaldehyde 68i (68 mg, 0.22 mmol, 1 equiv) and a 
dichloromethane solution of (2R,5R)-1-amino-2,5-bis(5-phenylbiphenyl-3-yl)pyrrolidine 67i (73 
mg, 0.27 mmol, 1.2 equiv) as a mixture with (2R,5R)-2,5-bis(5-phenylbiphenyl-3-yl)pyrrolidine 
65i (14 mg, 0.056 mmol). The solvent was carefully evaporated under reduced pressure assisted 
by vigorous stirring to give a bright yellow gel. The flask was then filled with argon and 
dichloromethane (0.5 mL) was added to give a light yellow solution. The reaction was stirred at 
21 °C for 20 h. Purification by column chromatography (SiO2, 1.5 × 20 cm, hexane/EtOAc, 19/1, 
with 0.5% Et3N) afforded 84 mg of 50i contaminated with 67i. Trituration with hexanes (~2.5 
mL) and careful removal of the solvent provided 54 mg (43%) of 50i as a white solid. 
 
Data for 50i: 
 1H NMR:      (500 MHz, CDCl3) 
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  7.18 – 7.12 (m, 12 H, HC(5), HC(6) and HC(7)), 6.96 – 6.93 (m, 4 H, HC(8)), 
6.48 (s, 2 H, HC(10)), 5.12 (d, J = 7.1 Hz, 4 H, HC(1)), 2.38 – 2.34 (m, 4 H, 
H3C(2)), 2.32 (s, 12 H, H2C(9)), 1.65 – 1.57 (m, 4 H, HC(2)). 
13C NMR:  (126 MHz, CDCl3) 
 140.7 (C(3)), 134.5 (C(4)), 133.8 (C(10)), 130.7 (C(5)), 126.5 (C(7) or C(6)), 
125.9 (C(8)), 125.7 (C(6) or C(7)), 62.3 (C(1)), 29.1 (C(2)), 19.3 (C(9)). 
 IR: (CDCl3 film) 
  3059 (w), 3018 (w), 2975 (m), 2942 (m), 2869 (w), 1603 (w), 1538 (m), 1483 
(m), 1460 (m), 1443 (m), 1382 (w), 1351 (m),  1319 (w), 1280 (m), 1266 (m), 
1231 (m), 1216 (m), 1194 (s), 1178 (s), 1146 (s), 1099 (w), 1049 (w), 1021 (m), 
980 (w), 885 (w), 871 (w), 787 (w), 763 (s) 
 MS: (ESI) 
  555.3 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C38H43N4: 555.3488, found: 555.3494 
 TLC: Rf  0.44 (hexane/EtOAc, 9/1 with 0.1% Et3N) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +343.4 (c = 0.15, chloroform) 
 
N,N'-(Ethane-1,2-diylidene)bis-((2R,5R)-(2,5-bis(5-methyl-2-thienyl)pyrrolidin-1-
amine)) (50j) [TC-21-66] 
 
 Following General Procedure X, to an oven-dried, 4-mL, equipped with a stir bar and a 
PTFE septum cap was added Na2SO4 (6.2 mg, 0.044 mmol, 0.5 equiv), a solution of (2R,5R)-
(2,5-bis(5-methyl-2-thienyl)pyrrolidine)-N-iminoacetaldehyde 68j (14.0 mg, 0.044 mmol, 1 
equiv) in CH2Cl2 (60 µL) and a solution of (2R,5R)-1-amino-2,5-bis(5-methyl-2-
thienyl)pyrrolidine 67j (13.3 mg, 0.48 mmol, 1.1 equiv) in CH2Cl2 (270 µL). The vial was 
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flushed with argon and the reaction was stirred at 22 °C. After 21 h, the mixture was filtered and 
concentrated. Purification by column chromatography (SiO2, 1 × 23 cm, hexane/CH2Cl2, 65/35, 
with 1% Et3N) afforded 21 mg (82%) of 50j as a white solid. 
 
Data for 50j: 
 1H NMR:      (500 MHz, CDCl3)   
6.88 (s, 2 H, HC(8)), 6.59 (d, J = 3.4 Hz, 4 H, HC(4)), 6.55 – 6.53 (m, 4 H, 
HC(5)), 4.99 (d, J = 6.9 Hz, 4 H, HC(1)), 2.57 – 2.45 (m, 4 H, H2C(2)), 2.42 (s, 
12 H, H3C(7)), 1.90 – 1.82 (m, 4 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 144.6 (C(3)), 138.2 (C(6)), 135.5 (C(8)), 124.7 (C(5)), 123.6 (C(4)), 60.3 (C(1)), 
31.8 (C(2)) , 15.3 (C(7)). 
 IR: (CDCl3 film) 
  3059 (w), 2972 (m), 2916 (m), 2857 (m), 1546 (m), 1483 (w), 1443 (m), 1354 
(m), 1296 (m), 1269 (m), 1214 (m), 1167 (m), 1132 (m), 1040 (m), 1006 (w), 966 
(w), 797 (m) 
 MS: (ESI) 
  579.2 (100, M+H) 
 HRMS: (ESI) 
  Calc. for C30H35N4S4: 579.1745, found: 579.1741 
 TLC: Rf  0.63  (hexane/CH2Cl2, 35/65 with 0.1% Et3N) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 +448.2 (c = 0.15, chloroform) 
 
 
4.3.7 Preparation of N,N'-(2,2-Dimethylpropane-1,3-diylidene)bis((2R,5R)-2,5-
diphenylpyrrolidin-1-amine) 
2,2-Dimethylmalonaldehyde
279
 [TC-22-59] 
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 To an oven-dried, 100 mL, three-necked, round-bottom flask equipped with a stir bar, an 
argon inlet adaptor and two septa was charged 2,2-dimethyl-1,3-propanediol (208 mg, 2.0 mmol, 
1 equiv). After three cycles of evacuation/argon fill, dichloromethane (20 mL) was added, stirred 
for 5 minutes to obtain a homogeneous solution. Dess-Martin periodinane (2.54 g, 6 mmol, 3 
equiv) was added in one portion with rapid stirring. The cloudy solution was stirred at room 
temperature for 1 h. The insoluble particulates were removed by filtering through a pad of Celite 
(1 cm deep, 15 mL size, medium-porosity fritted funnel), eluted with dichloromethane (2.5 mL). 
To the filtrate was added NaHCO3-Na2S2O3 (1:1, 15 mL) to give a murky mixture. After 
vigorous stirring for several minutes, both aqueous and organic layers became transparent and 
fizzing had subsided. The organic layer was dried over Na2SO4, filtered to afford a solution of 
the target dialdehyde and possibly some polymeric species. The solution was used directly 
without concentration to minimize polymerization. 
 
(2R,5R)-((2,5-Diphenylpyrrolidin-1-yl)imino)-2,2-dimethylpropanal (71) [TC-22-60] 
 
 A solution of N-amino-(R,R)-2,5-bisphenylpyrrolidine 55e (48 mg, 0.2 mmol) in 
dichloromethane (3 mL) was added to a solution of 2,2-dimethylmalonaldehyde prepared by 
oxidation of the corresponding diol in the scale described in the procedure above . After purging 
the flask with argon, the flask was capped with a stopper. After stirring at 22 °C for 2.5 h, the 
solution was concentrated. Purification by column chromatography (SiO2, 1 × 20 cm, 
hexane/CH2Cl2, 1/1, with 1% Et3N) afforded 33 mg of 71 as a colorless, viscous oil. The desired 
product is contaminated with some other aldehydes based on CHO chemical shifts in NMR 
analysis, which may arise from the condensation of aminopyrrolidine 55e with polymeric species 
of 2,2-dimethylmalonaldehyde. 
 
Data for 71: 
 1H NMR:      (500 MHz, CDCl3)   
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9.22 (s, 1 H, HC(11)), 7.34 (t, J = 7.6 Hz, 4 H, HC(5)), 7.25 (t, J = 7.4 Hz, 2 H, 
HC(6)), 7.18 (d, J = 7.2 Hz, 4 H, HC(4)), 5.92 (s, 1 H, HC(7)), 4.99 (d, J = 6.7 
Hz, 2 H, HC(1)), 2.56 – 2.45 (m, 2 H, H2C(2)), 1.87 – 1.79 (m, 2 H, H2C(2)), 1.01 
(s, 3 H, HC(9)), 0.98 (s, 3 H, HC(10)). 
13C NMR:  (126 MHz, CDCl3) 
 202.8 (C(11)), 143.0 (C(3)), 134.2 (C(7)), 128.3 (C(5)), 126.7 (C(6)), 126.3 
(C(4)), 65.1 (C(1)),  49.4 (C(8)), 31.5 (C(2)), 20.5 (C(9)), 20.5 (C(10)). 
 IR: (CDCl3 film) 
  3080 (w), 3061 (m), 3027 (m), 2971 (s), 2870 (m), 2808 (m), 2704 (w), 1947 (w), 
1878 (w), 1802 (w), 1727 (s), 1601 (m), 1580 (m), 1493 (m), 1451 (s), 1391 (m), 
1360 (m), 1320 (m), 1303 (m), 1268 (m), 1213 (m), 1174 (m), 1139 (m), 1074 
(m), 1028 (m), 999 (w), 980 (w), 955 (w), 909 (m), 862 (m), 795 (m), 751 (s), 700 
(s), 677 (w) 
 MS: (ESI) 
  321.2 (100, M+H), 293.2 (15) 
 HRMS: (ESI) 
  Calc. for C21H25N2O: 321.1967, found: 321.1963 
 TLC: Rf  0.50  (CH2Cl2 with 1% Et3N) [silica gel, UV, KMnO4] 
 
N,N'-(2,2-Dimethylpropane-1,3-diylidene)bis((2R,5R)-2,5-diphenylpyrrolidin-1-amine) (72) 
[TC-22-61] 
 
 To a 15 mL, one-necked, round-bottom flask equipped with a stir bar, an argon gas inlet 
and a septum was added (2R,5R)-((2,5-diphenylpyrrolidin-1-yl)imino)-2,2-dimethylpropanal 71 
(33 mg, 0.1 mmol, 1 equiv) and Na2SO4 (7.5 mg, 0.05 mmol, 0.5 equiv). A solution of (2R,5R)-
1amino-2,5-diphenylpyrrolidine122 55e (28 mg, 0.12 mmol, 1.2 equiv) in dichloromethane (1.5 
mL) was added to give a colorless solution. After purging the flask with argon, the reaction was 
stirred at 22 °C for 12 h. The solution was filtered and concentrated to give a colorless film. 
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Purification by column chromatography (SiO2, 1 × 30 cm, hexane/CH2Cl2, 1/1, with 0.2% Et3N) 
afforded 47 mg (84%) of 72 as a colorless, sticky gel (44% yield from condensation with 2,2-
dimethylmalonaldehyde).  
 
Data for 72: 
 1H NMR:      (500 MHz, CDCl3)   
7.29 (t, J = 7.4 Hz, 8 H, HC(5)), 7.22 (t, J = 7.3 Hz, 4 H, HC(6)), 7.11 (d, 8 H, 
HC(4)), 6.00 (s, 2 H, HC(7)), 4.80 (d, J = 6.6 Hz, 4 H, HC(1)), 2.50 – 2.38 (m, 4 
H, H2C(2)), 1.81 – 1.71 (m, 4 H, H2C(2)), 0.74 (s, 6 H, H3C(9)). 
13C NMR:  (126 MHz, CDCl3) 
 144.1 (C(3)), 141.4 (C(7)), 128.0 (C(5)), 126.5 (C(4)), 126.3 (C(6)), 65.0 (C(1)),  
40.7 (C(8)), 31.5 (C(2)), 24.8 (C(9)). 
 IR: (CDCl3 film) 
  3085 (m), 3062 (m), 3026 (s), 2969 (s), 2871 (s), 1946 (w), 1874 (w), 1806 (w), 
1727 (w), 1602 (m), 1494 (s), 1453 (s), 1385 (m), 1359 (s), 1303 (s), 1285 (m), 
1214 (s), 1170 (s), 1126 (s), 1074 (m), 1052 (m), 1028 (m), 981 (m), 950 (w), 910 
(s), 868 (w), 799 (w), 749 (s), 648 (m) 
 MS: (ESI) 
  541.3 (100, M+H), 291.2 (8) 
 HRMS: (ESI) 
  Calc. for C37H41N4: 541.3331, found: 541.3333 
 TLC: Rf  0.66  (CH2Cl2 with 1% Et3N) [silica gel, UV, I2] 
 Opt. Rot.: [α]D
24 –184.8 (c = 0.15, chloroform) 
 
4.3.8 Preparation of 1,2-Bis(2,2-bis((R)-1-phenylethyl)hydrazono)ethane 
(-)-N-Nitroso-α,α'-dimethyldibenzylamine
145
 (72) [TC-22-6] [TC-21-96] 
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 To an oven-dried, 25 mL, one-necked, round-bottom flask equipped with a stir bar, an 
argon inlet adaptor was charged (R,R)-bis(α-methylbenzyl)amine (460 µL , 2.0 mmol, 1 equiv). 
After three cycles of evacuation/argon fill, dichloromethane (10 mL) and pyridine (325 µL, 4 
mmol, 2 equiv)   solution was added. The colorless solution was cooled to 0 °C, and the septum 
was temporarily removed to allow the addition of nitrosonium tetrafluoroborate (94 mg, 0.78 
mmol, 2 equiv) in one portion. The ice/water bath was removed, and mixture was stirred at 22 
°C. After 12 h, lots of precipitates formed. The reaction was quenched with an aqueous solution 
of HCl (1 M, 15 mL) at 0 °C with vigorous stirring to dissolve the precipitates. The organic layer 
was saved and the aqueous layer was extracted with dichloromethane (10 mL × 2). The 
combined organic extract was dried over Na2SO4, filtered and concentrated to give a mixture of 
light yellow and colorless crystals. Purification by column chromatography (SiO2, 3 × 15 cm, 
hexane/EtOAc, 9/1) afforded 482 mg (95%) of 72 as a light yellow solid. 
 
Data for 72: 
 1H NMR:      (500 MHz, CDCl3)   
7.20 – 7.06 (m, 6 H, HC(5), HC(5’), HC(6) and HC(6’)), 6.98 (d, J = 7.4 Hz, 2 H, 
HC(4)), 6.91 (d, J = 7.4 Hz, 2 H, HC(4’)), 6.28 (q, J = 7.0 Hz, 1 H, HC(2)), 4.94 
(q, J = 7.2 Hz, 1 H, HC(2’)), 1.86 (d, J = 7.2 Hz, 3 H, H3C(1’)), 1.55 (d, J = 7.0 
Hz, 3 H, H3C(1)). 
13C NMR:  (126 MHz, CDCl3) 
 141.1 (C(3’)), 136.9 (C(3)), 128.2 (C(4’)), 128.1 (C(Aryl)), 127.8 (C(Aryl)), 
127.4 (C(Aryl)), 126.6 (C(Aryl)), 59.3 (C(2’)), 51.5 (C(2)), 24.0 (C(1’)), 15.2 
(C(1)). 
 IR: (CHCl3 film) 
  3062 (m), 3031 (m), 2978 (m), 2935 (m), 1602 (w), 1495 (m), 1432 (s), 1386 (s), 
1341 (m), 1170 (s), 1084 (s), 1027 (m), 991 (w), 913 (w), 825 (w), 790 (w), 697 
(s) 
 MS: (ESI) 
  255.1 (100, M+H), 151.1 (23), 105.1 (75) 
 HRMS: (ESI) 
  Calc. for C16H19N2O2: 255.1497, found: 255.1493 
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 TLC: Rf  0.40  (hexane/EtOAc, 9/1) [silica gel, UV] 
 
(-)-N-Amino-α,α'-dimethyldibenzylamine
145
 (73) [TC-15-99] 
 
 A solution of (-)-N-nitroso-α,α'-dimethyldibenzylamine 72 (240 mg , 0.94 mmol, 1 equiv) 
in EtOH (2.2 mL) was cannulated into a 10 mL, one-piece, round-bottom flask and reflux 
condenser equipped with a stir bar, an argon inlet adaptor and a septum. The solution was 
refluxed for 15 min and sodium (~480 mg, 21 mmol, 22 equiv) was added in 18 portions at this 
temperature under a slight positive argon pressure by temporary removal of the septum. Each 
addition caused vigorous bubbling. The reaction mixture gradually thickened and additional 
amounts of EtOH (0.2 mL × 3) were added from time to time to keep the mixture stirring. The 
reaction was stirred for a further 15 min after complete addition of sodium before cooling to 0 
°C. Ice-cold water (2.5 mL, degassed by nitrogen) was added slowly to the flask with swirling 
periodically and the flask was then warmed to room temperature to give a mostly homogeneous 
solution. This solution was extracted with Et2O (× 5), and the combined organic phase was dried 
with MgSO4, filtered and concentrated to give a mixture of 73 and bis(α-methylbenzyl)amine 
(84:16) as a colorless oil (184 mg). This mixture was used without further purification for the 
glyoxal condensation. 
 
Data for 73: 
 1H NMR:      (500 MHz, CDCl3)   
7.30 – 7.12 (m, 10 H, HC(Aryl), 3.62 (q, J = 6.7 Hz, 2 H, HC(2)), 1.30 (d, J = 6.7 
Hz, 6 H, H3C(1)). 
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1,2-Bis(2,2-bis((R)-1-phenylethyl)hydrazono)ethane (74) [TC-15-100] 
  
To a 5 mL Schlenk reaction flask equipped with a stir bar and a septum was added a 
solution of crude (-)-N-Amino-α.α'-dimethyldibenzylamine 73 (156 mg, 0.65 mmol, 2.5 equiv) 
as a mixture with (-)-α.α'-dimethyldibenzylamine (0.12 mmol) in MeOH (0.85 mL). A solution 
of glyoxal (38 µL, 0.26 mmol, 1 equiv) was added at room temperature. The solution turned light 
green initially and eventually became light yellow after 12 h. Methanol was evaporated under 
reduced pressure and the residue was taken up by EtOAc (4 mL), dried over Na2SO4, filtered and 
concentrated to give a yellow oil. Purification by column chromatography (SiO2, 1 × 25 cm, 
gradient elution, hexane/EtOAc with 1% Et3N, 19/1, 14/1 then 9/1) afforded 84 mg (65%) of 74 
as a light yellow, sticky oil. 
 
Data for 74: 
 1H NMR:      (500 MHz, CDCl3)   
7.34 (s, 2 H, HC(1)), 7.24 – 7.16 (m, 20 H, HC(Aryl)), 4.63 (q, J = 6.8 Hz, 4 H, 
H2C(2)), 1.51 (q, J = 6.9 Hz, 12 H, H2C(3)). 
13C NMR:  (126 MHz, CDCl3) 
 142.9 (C(4)), 135.5 (C(1)), 128.0 (C(5) or C(6)), 127.5 (C(5) or C(6)), 126.7 
(C(7)), 58.3 (C(2)), 18.8 (C(3)). 
 IR: (CDCl3 film) 
  3059 (w), 3026 (m), 2973 (m), 2930 (m), 1947 (w), 1878 (w), 1805 (w), 1671 
(w), 1600 (w), 1543 (m), 1492 (m), 1450 (m), 1371 (m), 1299 (w), 1276 (w), 
1206 (m), 1156 (m), 1078 (m), 1034 (m), 981 (w), 789 (w), 758 (m) 
 MS: (ESI) 
  503.3 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C34H39N4: 503.3175, found: 503.3186 
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 TLC: Rf  0.55  (hexane/EtOAc, 9/1 with 0.5% Et3N) [silica gel, UV] 
 Opt. Rot.: [α]D
24 –268.1 (c = 0.15, chloroform) 
 
4.3.9 Preparation of Bis-hydrazone ligands with Binaphthalene Scaffold 
(S)-3,5-Dihydro-4H-dinaphtho[2,1-c:10,20-e]azepin-4-amine (76) [TC-21-91] 
 
 To a 10 mL Schlenk reaction flask equipped a stir bar and a septum was added (S)-2,2'-
bis(bromomethyl)-1,1'-binaphthalene146 (158 mg, 0.36 mmol, 1 equiv). After one cycle of 
evacuation/argon fill, THF (3.6 mL) was added to give a pale yellow solution. Anhydrous 
hydrazine (230 µL, 7.2 mmol, 20 equiv) was added at room temperature to give a cloudy 
mixture. After stirring for 3 h, the solvent was evaporated under reduced pressure and a saturated 
solution of NaHCO3 (15 mL) was added. The aqueous phase was extracted with CH2Cl2 (8 mL × 
4) and the combined organic phases was dried over K2CO3, filtered and concentrated to give 110 
mg (99%) of 76 after trituration with pentane and evaporation of the solvent (× 4). The crude 
product was used without further purification. The spectroscopic data matched those from the 
literature.280 
 
Data for 76: 
 1H NMR:      (500 MHz, CDCl3)   
7.98 (d, J = 8.2 Hz, 2 H, HC(7)), 7.97 (d, J = 8.1 Hz, 2 H, HC(6)), 7.62  (d, J = 
8.2 Hz, 2 H, HC(5)), 7.50 – 7.46 (m, 4 H, HC(8) and HC(10)), 7.30 – 7.26 (m, 2 
H, HC(9)), 3.91 (d, J = 12.4 Hz, 2 H, H2C(1)), 3.64 (d, J = 12.3 Hz, 2 H, H2C(1)), 
3.29 (s, 2 H, NH2). 
13C NMR:  (126 MHz, CDCl3) 
 135.0 (C(Aryl)), 133.3 (C(Aryl)), 132.9 (C(Aryl)), 131.5 (C(11)), 128.5 (C(5)), 
128.3 (C(6)), 127.5 (C(4)), 127.5 (C(7) or C(9)), 125.9 (C(8)), 125.6 (C(7) or 
C(9)), 61.7 (C(1)). 
 MS: (ESI) 
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  311.2 (M+H, 100), 281.1 (13) 
 HRMS: (ESI) 
  Calc. for C22H19N2: 311.1548, found: 311.1554 
 TLC: Rf  0.32  (CH2Cl2/MeOH, 95/5 with 1% Et3N) [silica gel, UV] 
 
(S)-2-((3H-Dinaphtho[2,1-c:1',2'-e]azepin-4(5H)-yl)imino)acetaldehyde (77) [TC-21-92] 
 
 A solution of 1-aminoazepine 76 (50 mg, 0.16 mmol, 1 equiv) in THF (0.8 mL) was 
added to an aqueous solution of glyoxal (40% w/w, 370 µL, 3.2 mmol, 20 equiv) at 0 °C in a 10 
mL, one-necked round-bottom flask equipped with a stir bar. The ice/water bath was removed 
and the reaction was stirred at room temperature for 1 h. The solution was poured a saturated 
solution of NaHCO3 (15 mL) at 0 °C and the aqueous phase was extracted with CH2Cl2 (8 mL × 
4). The combined organic phases was dried over Na2SO4, filtered and concentrated to give a 
yellow film. The product was loaded onto a silica gel column (SiO2, 2.5 × 20 cm) with 
hexane/CH2Cl2 (1/1) and eluted with hexane/EtOAc (9/1 with 1% Et3N) to afford 187 mg (86%) 
of 77 as a white powder. Purification by column chromatography (SiO2, 1.5 × 21 cm, CH2Cl2 
with 1% Et3N) afforded 49 mg (~87%) of 77 as a white solid with some hexanes adsorbed. 
 
Data for 77: 
 1H NMR:      (500 MHz, CDCl3)   
7.46 (d, J = 7.4 Hz, 1 H, HC(3)), 8.01 (d, J = 8.3 Hz, 2 H, HC(Aryl)), 7.97  (d, J = 
8.2 Hz, 2 H, HC(Aryl)), 7.59  (d, J = 8.3 Hz, 2 H, HC(Aryl)), 7.53 – 7.49 (m, 2 H, 
HC(Aryl)), 7.44  (d, J = 8.6 Hz, 2 H, HC(Aryl)), 7.30 (ddd, J = 8.4, 6.8, 1.1 Hz, 1 
H, HC(Aryl)), 6.86 (d, J = 7.4 Hz, 1 H, HC(2)), 4.65 (d, J = 13.2 Hz, 2 H, 
H2C(1)), 4.10 (br s, 2 H, H2C(1)). 
13C NMR:  (126 MHz, CDCl3) 
 191.0 (C(3)), 133.4 (C(Aryl)), 131.6 (C(Aryl)), 130.7 (C(Aryl)), 129.5 (C(Aryl)), 
128.4 (C(Aryl)), 127.4 (C(Aryl)), 127.0 (C(Aryl)), 126.4 (C(Aryl)), 126.2 
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(C(Aryl)); three carbon signals were not observed due to hindered rotation. 
 IR: (CHCl3 film) 
  3053 (m), 2928 (m), 2815 (m), 1672 (s), 1595 (w), 1519 (s), 1446 (m), 1395 (m), 
1346 (m), 1326 (m), 1241 (m), 1139 (s), 1072 (m), 1029 (w), 989 (m), 918 (w), 
866 (w), 817 (s), 701 (w) 
 MS: (ESI) 
  351.1 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C24H19N2O: 351.1497, found: 351.1501 
 TLC: Rf  0.21  (CH2Cl2 with 1% Et3N) [silica gel, UV] 
 
(S,S)-N,N'-(Ethane-1,2-diylidene)bis(3H-dinaphtho[2,1-c:1',2'-e]azepin-4(5H)-amine) (79) 
[TC-21-95] 
 
 To an oven-dried 5 mL, one-necked, round-bottom flask equipped with a stir bar, an 
argon gas inlet and a septum was added Na2SO4 (8.6 mg, 0.06 mmol, 0.5 equiv), a solution of 1-
aminoazepine 76 (43 mg, 0.14 mmol, 1.1 equiv) in CH2Cl2 (0.4 mL) and a solution of 77 (44 mg, 
0.12 mmol, 1 equiv) in CH2Cl2 (1.0 mL). The flask was purged with argon and the reaction was 
stirred at room temperature for 12 h. The pale yellow solution was filtered and concentrated to 
give a pale yellow solid. Purification by column chromatography (SiO2, 1.5 × 16 cm, 
hexane/EtOAc with 1% Et3N, 19/1, then 2:1) afforded 67 mg of 79 as a pale yellow powder after 
azeotrope removal of EtOAc with hexanes. 
 
Data for 79: 
 1H NMR:      (500 MHz, CDCl3)   
7.93 (d, J = 8.1 Hz, 4 H, HC(6)), 7.91 (d, J = 8.3 Hz, 4 H, HC(5)), 7.55  (d, J = 
8.3 Hz, 4 H, HC(4)), 7.49 – 7.46 (m, 8 H, HC(7) and HC(9)), 7.29 – 7.26 (m, 4 H, 
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HC(8)), 7.23 (s, 2 H, HC(12)), 4.46 (d, J = 12.5 Hz, 2 H, H2C(1)), 3.73 (d, J = 
12.4 Hz, 2 H, H2C(1)). 
13C NMR:  (126 MHz, CDCl3) 
 136.1 (C(12)), 134.6 (C(Aryl)), 133.2 (C(Aryl)), 133.1 (C(Aryl)), 131.4 (C(11)), 
128.8 (C(5)), 128.3 (C(6)), 127.4 (C(4)), 127.4 (C(7) or C(9)), 125.9 (C(8)), 125.7 
(C(7) or C(9)), 56.3 (C(1)). 
 IR: (CDCl3 film) 
  3051 (m), 3004 (w), 2939 (m), 2875 (w), 2815 (w), 1594 (w), 1546 (m), 1508 
(m), 1460 (m), 1439 (w), 1364 (m), 1325 (w), 1235 (m), 1144 (m), 1092 (m), 
1055 (s), 1006 (w), 969 (s), 817 (s), 751 (s), 703 (w) 
 MS: (ESI) 
  643.3 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C46H35N4: 643.2862, found: 643.2848 
 TLC: Rf  0.55  (hexane/EtOAc, 2/1 with 0.5% Et3N) [silica gel, UV] 
 Opt. Rot.: [α]D
24 –412.3 (c = 0.5, chloroform) 
 
 
(S)-N-(Pyridin-2-ylmethylene)-3H-dinaphtho[2,1-c:1',2'-e]azepin-4(5H)-amine  (78)  
[TC-21-98] 
 
 To a 10 mL, one-necked round-bottom flask was added 1-aminoazepine 76 (77 mg, 0.25 
mmol, 1 equiv) and Na2SO4 (24 mg, 0.14 mmol, 0.7 equiv). The flask was evacuated and back 
filled with argon followed by the addition of CH2Cl2 (1.75 mL) and picolinaldehyde (33 µL, 0.35 
mmol, 1.4 equiv). The reaction was stirred at room temperature for 3 h and the solution was 
filtered and concentrated to give a bright yellow oil. Purification by column chromatography 
(SiO2, 1.5 × 16 cm, hexane/EtOAc with 1% Et3N, 4/1, then 2/1) afforded 81 mg (58%) of 78 as a 
white foam. 
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Data for 78: 
 1H NMR:      (500 MHz, CDCl3)   
8.47 (d, J = 4.6 Hz, 1 H, HC(17)), 7.96 (d, J = 8.2 Hz, 2 H, HC(6)), 7.95 (d, J = 
8.0 Hz, 2 H, HC(7) or HC(10)), 7.89  (d, J = 8.0 Hz, 1 H, HC(14)), 7.64 (app t, J 
= 7.8 Hz, 1 H, HC(15)), 7.62 (d, J = 8.6 Hz, 2 H, HC(5)), 7.50 – 7.46 (m, 5 H, 
HC(1) and HC(Aryl)), 7.29 (app t, J = 7.8 Hz, 2 H, HC(8) or HC(9)), 7.09 (app t, 
J = 5.9 Hz, 1 H, HC(16)), 4.65 (d, J = 12.4 Hz, 2 H, H2C(2)), 3.89 (d, J = 12.5 Hz, 
2 H, H2C(2)). 
13C NMR:  (126 MHz, CDCl3) 
 155.8 (C(13)), 149.0 (C(17)), 136.1 (C(15)), 134.7 (C(Aryl)), 134.3 (C(1)), 133.2 
(C(Aryl)), 133.1 (C(Aryl)), 131.5 (C(Aryl)), 128.9 (C(6)), 128.3 (C(7) or C(10)), 
127.4 (C(7) or C(10)), 127.4 (C(5)), 126.0 (C(8) or C(9)), 125.8 (C(8) or C(9)), 
121.8 (C(16)), 118.9 (C(14)), 56.4 (C(2)). 
 IR: (CDCl3 film) 
  3053 (m), 3006 (w), 2939 (w), 2815 (w), 1954 (w), 1913 (w), 1590 (m), 1567 (s), 
1508 (m), 1467 (m), 1433 (m), 1367 (m), 1325 (w), 1295 (w), 1234 (m), 1144 
(m), 1108 (m), 1064 (m), 1006 (w), 981 (m), 866 (w), 818 (s), 774 (m), 752 (s) 
 MS: (ESI) 
  400.2 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C28H22N3: 400.1814, found: 400.1804 
 TLC: Rf  0.52  (hexane/EtOAc, 1/1 with 1% Et3N) [silica gel, UV, KMnO4] 
 Opt. Rot.: [α]D
24 –428.7 (c = 0.15, chloroform) 
 
(S)-2,6-Diphenyl-3H-dinaphtho[2,1-c:10,20-e]azepin-4(5H)-amine (81) [TC-22-30] 
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 To a 25 mL, one-necked, round-bottom flask equipped with a stir bar and an argon inlet 
adaptor with a septum, was added (S)-3,3'-diphenyl-2,2'-bis(bromomethyl)-1,1'-binaphthalene146 
(676 mg, 1.1 mmol, 1 equiv). After three cycles of evacuation/argon fill, THF (12 mL) was 
added to give a colorless solution. Anhydrous hydrazine (730 µL, 22 mmol, 20 equiv) was added 
at room temperature to give a cloudy mixture. After stirring for 2 h, the mixture was poured into 
ice-cold H2O (25 mL), extracted with TBME (30 mL × 3). The organic phase was dried over 
Na2SO4, filtered and concentrated to give 602 mg of 81 with TMBE trapped in the solid. 
Repeated trituration with hexane and then pentane followed solvent removal afforded 441 mg 
(84%) of 81 as a white solid containing a small amount of hydrocarbons. The spectroscopic data 
matched those from the literature.277 
 
Data for 81: 
 1H NMR:      (500 MHz, CDCl3)   
7.98 – 7.96 (m, 4 H, HC(Aryl)), 7.62 – 7.60 (m, 4 H, HC(Aryl)), 7.53 – 7.46 (m, 8 
H, HC(Aryl)), 7.43 – 7.39  (m, 2 H, HC(Aryl)), 7.32 – 7.28 (m, 2 H, H2C(Aryl)), 
4.12 (d, J = 12.6 Hz, 2 H, H2C(1)), 3.25 (d, J = 12.7 Hz, 2 H, H2C(1)), 2.79 (br s, 
2 H, NH2). 
13C NMR:  (126 MHz, CDCl3) 
 141.1 (C(Aryl)), 140.5 (C(Aryl)), 136.3 (C(Aryl)), 132.7 (C(Aryl)), 130.9 
(C(Aryl)), 129.9 (C(Aryl)), 129.9 (C(Aryl), 129.3 (C(Aryl)), 129.2 (C(Aryl)), 
128.3 (C(Aryl)), 127.5 (C(Aryl)), 127.2 (C(Aryl)), 126.0 (C(Aryl)), 125.9 
(C(Aryl)), 56.3 (C(1)). 
 IR: (CDCl3 film) 
  3054 (w), 2926 (w), 2808 (w), 1589 (w), 1494 (m), 1448 (w), 1328 (w), 1226 (w), 
1063 (w), 1028 (w), 976 (w), 785 (m), 765 (m), 702 (m) 
 MS: (ESI) 
  463.2 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C34H27N2: 463.2174, found: 463.2167 
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(S)-2-((2,6-Diphenyl-3H-dinaphtho[2,1-c:1',2'-e]azepin-4(5H)-yl)imino)acetaldehyde (82) 
[TC-22-32] 
 
 A 10 mL Schlenk reaction flask equipped with a stir bar and a septum was evacuated and 
back filled with argon (× 2). An aqueous solution of glyoxal (40% w/w, 990 µL, 8.7 mmol, 20 
equiv) was added. The flask was cooled to 0 °C and a solution of 1-aminoazepine 81 (200 mg, 
0.43 mmol, 1 equiv) in THF (4.4 mL) was added. The ice/water bath was removed and the 
reaction was stirring at room temperature for 1 h. The mixture was poured into a saturated 
solution of NaHCO3 (15 mL), extracted with Et2O (15 mL × 3). The combined organic phases 
was dried over Na2SO4, filtered and concentrated. The product was loaded onto a silica gel 
column (SiO2, 2.5 × 20 cm) with hexane/CH2Cl2 (1/1) and eluted with hexane/EtOAc (9/1 with 
1% Et3N) to afford 187 mg (86%) of 82 as a white powder. 
 
Data for 82: 
 1H NMR:      (500 MHz, CDCl3)   
9.29 (d, J = 7.4 Hz, 1 H, H2C(3)), 7.99 – 7.96 (m, 4 H, HC(Aryl)), 7.56 – 7.52 (m, 
2 H, HC(Aryl)), 7.50 – 7.38 (m, 12 H, HC(Aryl)), 7.33 (ddd,  = 8.4, 6.8, 1.2 Hz, 2 
H, HC(Aryl)), 6.50 (d, J = 7.4 Hz, 1 H, H2C(2)), 4.90 (d, J = 13.3 Hz, 2 H, 
H2C(1)), 3.91 (app br s, 2 H, H2C(1)). 
13C NMR:  (126 MHz, CDCl3) 
 191.0 (C(3)), 140.2 (C(Aryl)), 139.8 (C(Aryl)), 135.9 (C(Aryl)), 132.9 (C(Aryl)), 
130.9 (C(Aryl)), 130.4 (C(2)), 130.1 (C(Aryl)), 129.9 (C(Aryl)), 129.6 (C(Aryl)), 
128.4 (C(Aryl)), 128.4 (C(Aryl)), 127.7 (C(Aryl)), 127.6 (C(Aryl)), 126.7 
(C(Aryl)), 126.3 (C(Aryl)), 51.9 (br s, C(1)). 
 IR: (CDCl3 film) 
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  3055 (m), 2807 (m), 1673 (s), 1590 (w), 1524 (s), 1494 (m), 1383 (m), 1356 (w), 
1337 (w), 1230 (m), 1208 (w), 1185 (m), 1148 (m), 1129 (m), 1075 (m), 1029 
(w), 988 (m), 943 (w), 842 (w), 813 (w), 786 (m), 766 (m), 755 (m), 702 (s) 
 MS: (ESI) 
  503.2 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C36H27N2O: 503.2123, found: 503.2125 
 TLC: Rf  0.21  (hexane/EtOAc, 9/1 with 1% Et3N) [silica gel, UV] 
 
(S,S)-N,N'-(Ethane-1,2-diylidene)bis(2,6-diphenyl-3H-dinaphtho[2,1-c:1',2'-e]azepin-4(5H)-
amine) (83) [TC-22-33] 
 
 
 To an oven-dried 10 mL, one-necked, round-bottom flask equipped with a stir bar, an 
argon gas inlet and a septum was added 1-aminoazepine 81 (130 mg, 0.28 mmol, 1.1 equiv) and 
Na2SO4 (18 mg, 0.13 mmol, 0.5 equiv). The flask was evacuated and back filled with argon (× 3). 
A solution of 82 (127 mg, 0.25 mmol, 1 equiv) in dichloromethane (0.6 mL) was added to give a 
light yellow solution. The reaction was stirred at room temperature for 12 h. The mixture was 
then filtered and concentrated. Purification by column chromatography (SiO2, 1.5 × 20 cm, 
hexane/CH2Cl2, 1/1, with 1% Et3N) afforded 206 mg of 83 as a pale yellow solid. Trituration in 
hexane/EtOAc (1/1, 0.5 mL) followed by removal of the light yellow liquid afforded 190 mg 
(80%) of 83 as a white solid.  
 
Data for 83: 
 1H NMR:      (500 MHz, CDCl3)   
7.98 – 7.92 (m, 8 H, HC(Aryl)), 7.53 – 7.49 (m, 8 H, HC(Aryl)), 7.40 – 7.37 (m, 8 
H, HC(Aryl)), 7.34 – 7.10  (m, 16 H, HC(Aryl)), 6.58 (s, 2 H, H2C(2)), 4.60 (d, J 
= 12.5 Hz, 2 H, H2C(1)), 3.54 (d, J = 12.5 Hz, 2 H, H2C(1)). 
342 
 
13C NMR:  (126 MHz, CDCl3) 
 140.6 (C(Aryl)), 140.2 (C(Aryl)), 136.0 (C(Aryl)), 135.9 (C(2)), 132.7 (C(Aryl)), 
131.3 (C(Aryl)), 130.8 (C(Aryl)), 129.7 (C(Aryl)), 129.5 (C(Aryl)), 128.3 
(C(Aryl)), 127.5 (C(Aryl)), 127.2 (C(Aryl)), 126.2 (C(Aryl)), 125.9 (C(Aryl)), 
51.6 (C(1)). 
 IR: (CDCl3 film) 
  3056 (m), 3024 (m), 2947 (w), 2823 (w), 1953 (w), 1589 (m), 1555 (m), 1494 
(m), 1448 (m), 1397 (w), 1351 (m), 1228 (m), 1156 (m), 1102 (m), 1053 (m), 
1028 (w), 1007 (m), 982 (m), 964 (m), 855 (w), 785 (m), 702 (s) 
 MS: (ESI) 
  947.4 (M+H, 100) 
 HRMS: (ESI) 
  Calc. for C70H51N4: 947.4114, found: 947.4092 
 TLC: Rf  0.33  (hexane/CH2Cl2, 1/1 with 1% Et3N) [silica gel, UV] 
 Opt. Rot.: [α]D
24 –45.6 (c = 0.15, chloroform) 
 
Side product, 2,5-diphenyl-3,4-dihydrodibenzo[c,g]phenanthrene (84) [TC-17-52f9-10]  
 
Data for 84: 
 1H NMR:      (500 MHz, CDCl3)   
7.94 (d, J = 8.1 Hz, 2 H), 7.89 (s, 2 H), 7.58 (d, J = 8.6 Hz, 2 H), 7.53 – 7.42 (m, 
10 H), 7.40 – 7.36 (m, 2 H), 7.30 – 7.26 (m, 2 H), 2.84 (d, J = 10.7 Hz, 2 H), 2.59 
(d, J = 10.7 Hz, 2 H). 
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4.3.10 Preparation of Aryldimethylsilanes, Silanols and Silanolates 
(2-Methylnaphthalen-1-yl)dimethylsilane [TC-23-62] 
 
To a flame-dried, 3-necked, 250 mL round-bottomed flask equipped with a 50 mL 
addition funnel, a septum, an internal temperature probe, a gas adapter and a magnetic stir bar, 
was charged 1-bromo-2-methylnaphthalene (~85 mol % purity, ~15 mol % dimethylnaphthalene, 
6.2 g, 25 mmol, 1 equiv). After evacuation and back filled with argon, Et2O (75 mL) was added. 
The solution was cooled to -78 °C and t-butyllithium (1.53 M, 33 mL, 50 mmol, 2 equiv) was 
added via the addition funnel (internal temperature was never higher than −60 °C). The 
suspension was stir at −75 °C for 1 h before warming to −45 °C, and the mixture was quickly 
transferred via cannula to the dimethylchlorosilane solution prepared below. 
The solution of dimethylchlorosilane was prepared by adding dimethylchlorosilane (3.6 
mL, 33 mmol, 1.3 equiv) to Et2O (32 mL) in a flame-dried, 250-mL three-necked round-
bottomed flask equipped two septa, an argon inlet and a magnetic stir bar. This solution was 
cooled to 0 °C in an ice bath before the (2-methylnaphthalen-1-yl)lithium solution prepared 
above was added via cannula. After stirring at room temperature for 4 h, the mixture was 
concentrated and treated with pentane (50 mL). The precipitate was filtered and the filtrate was 
then concentrated to give a colorless liquid. Short-path distillation afforded 5.25 g of the target 
silane contaminated with isomers of dimethylnaphthalene (~10 mol %). The yield for (2-
Methylnaphthalen-1-yl)dimethylsilane was estimated to be ~4.83 g (~96%). 
 
Data: 
 bp:  85 °C [0.025 mm Hg] 
 1H NMR:      (500 MHz, CDCl3) 
  8.28 (d, J = 8.5 Hz, 1 H, HC(8)), 7.84 (d, J = 8.0 Hz, 1 H, HC(5)), 7.80 (d, J = 8.4 
Hz, 1 H, HC(4)), 7.50 (ddd, J = 8.4, 6.8, 1.4 Hz, 1 H, HC(7)), 7.46 – 7.42 (m, 1 H, 
HC(6)), 7.24 (d, J = 9.0 Hz, 1 H, HC(3)), 5.11 (hept, J = 4.0 Hz, 1 H, SiH), 2.72 
(s, 3 H, H3C(11)), 0.58 (d, J = 4.1 Hz, 6 H, H3C(12)). 
13C NMR:  (126 MHz, CDCl3) 
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 143.2 (C(2)), 137.6 (C(10)), 132.3 (C(1)), 131.8 (C(9)), 129.7 (C(4)), 129.2 
(C(3)), 128.8 (C(5)), 127.5 (C(8)), 125.6 (C(7)), 124.4 (C(6)), 24.3 (C(11)), -2.0 
(C(12)). 
 IR: (neat) 
  3043 (m), 3003 (m), 2958 (m), 2919 (m), 2147 (s), 1617 (m), 1593 (m), 1550 (w), 
1507 (s), 1443 (m), 1420 (m), 1313 (m), 1251 (s), 1166 (m), 1141 (m), 1035 (m), 
1023 (m), 985 (m), 915 (s), 882 (s), 838 (s), 810 (s), 782 (s), 763 (s), 739 (m), 700 
(m) 
 MS: (EI, 70 eV) 
  200.1 (M+, 100), 185.0 (92), 156.1 (61), 141.0 (74), 115.0 (24) 
 HRMS: (EI, 70 eV) 
  Calc. for C13H16Si: 200.10213, found: 200.10165 
 
(2-Methylnaphthalen-1-yl)dimethylsilanol (33) [TC-23-69] 
 
Following the reaction protocol developed by Lee et. al.,54 a 100-mL, round-bottomed 
flask containing a magnetic stir bar was added (2-methylnaphthalen-1-yl)dimethylsilane (~10 
mol % purity, 2.16 g, 10 mmol, 1 equiv) and acetonitrile (10 mL). To this solution was added 
[(COD)IrCl]2 (68 mg, 0.1 mmol, 0.01 equiv) resulting in a bright yellow solution. H2O (0.9 mL, 
50 mmol, 5 equiv) was added in 30 sec. After stirring at room temperature for 0.5 h, no more 
bubbling was observed. The orange solution was poured into a solution of H2O (40 mL) and 
brine (10 mL) and extracted with pentane (60 mL × 4). The combined organic layers were dried 
over Na2SO4, filtered and concentrated to give a tanned, waxy solid. Purification by column 
chromatography (SiO2, 4.5 × 16 cm, hexane then hexane/EtOAc, 10/1) and Kugelrohr distillation 
afforded 1.87 g (87%) of 33 as a pale yellow solid. The color was removed by swirling in 
hexanes (~2 mL) and careful removal of solvent to afford 1.653 g (76%) of 33 as a white solid. 
 
Data for 33: 
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 mp:  58 – 60 °C  
 1H NMR:      (500 MHz, CDCl3) 
  8.46 (d, J = 8.4 Hz, 1 H, HC(8)), 7.80 (d, J = 8.0 Hz, 1 H, HC(5)), 7.77 (d, J = 8.4 
Hz, 1 H, HC(4)), 7.46 (ddd, J = 8.5, 6.8, 1.5 Hz, 1 H, HC(7)), 7.41 (ddd, J = 7.8, 
6.9, 1.1 Hz, 1 H, HC(6)), 7.27 (d, J = 8.4 Hz, 1 H, HC(3)), 2.68 (s, 3 H, H3C(11)), 
2.01 (s, 1 H, OH), 0.64 (s, 6 H, H3C(12)). 
13C NMR:  (126 MHz, CDCl3) 
 142.7 (C(2)), 137.4 (C(10)), 133.3 (C(1)), 131.9 (C(9)), 130.0 (C(4)), 129.6 
(C(3)), 128.7 (C(5)), 127.7 (C(8)), 125.6 (C(7)), 124.4 (C(6)), 24.5 (C(11)), 4.4 
(C(12)). 
 IR: (CDCl3 film) 
  3574 (w), 3307 (br m), 3042 (m), 2956 (m), 1618 (w), 1593 (w), 1550 (w), 1507 
(m), 1450 (w), 1421 (m), 1378 (w), 1353 (w), 1301 (w), 1255 (s), 1168 (w), 1141 
(m), 1023 (m), 984 (m), 839 (s), 811 (s), 782 (s), 740 (m) 
 MS: (EI, 70 eV) 
  216.0 (M+, 62), 201.0 (100), 183.0 (45), 141.0 (27), 115.0 (19), 75.0 (23) 
 HRMS: (EI, 70 eV) 
  Calc. for C13H16OSi: 216.09705, found: 216.09692 
 TLC: Rf  0.17 (hexane/EtOAc, 9/1) [silica gel, UV, KMnO4] 
 
Potassium (2-methylnaphthalen-1-yl)dimethylsilanolate (K+33−) [TC-23-71] 
 
 In a dry box, (2-methylnaphthalen-1-yl)dimethylsilanol 33 (1.3 g, 6 mmol, 1 equiv) was 
added dropwise over 5 min to a suspension of KH (290 mg, 7.2 mmol, 1.2 equiv) in Et2O (12 
mL) in an oven-dried, 100-mL, 1-necked round-bottomed flask equipped with a stir-bar. The 
resulting mixture was stirred for 30 min further, and was filtered through a medium-porosity 
fritted funnel into a one-neck flask, containing a stir-bar, fitted with a vacuum stopcock adaptor. 
The solvent was evaporated in vacuo to give a sticky, pale yellow oil. The residue was vigorous 
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stirred in hexanes (15 mL) for 30 min and the volatiles were once again evaporated. This 
sequence was repeated once more. The resulting solid was treated hexanes (20 mL), filtered 
through a medium-porosity fritted funnel. The collected solids were further washed with dry 
hexanes (10 mL × 2). The solids were placed in an oven-dried, 15-mL recovery flask equipped 
with a vacuum stopcock adaptor and any excess volatiles were removed in vacuo to give 1.45 g 
(95 %) of K+33− as a white powder. 
 
Data for K+33−: 
 1H NMR:      (500 MHz, C6D6) 
  9.03 (d, J = 8.6 Hz, 1 H, HC(8)), 7.72 (d, J = 7.4 Hz, 1 H, HC(5)), 7.62 (d, J = 8.3 
Hz, 1 H, HC(4)), 7.39 (ddd, J = 8.5, 6.7, 1.4 Hz, 1 H, HC(7)), 7.33 – 7.25 (m, 1 H, 
HC(6)), 7.22 (d, J = 8.4 Hz, 1 H, HC(3)), 2.66 (s, 3 H, H3C(11)), 0.34 (s, 6 H, 
H3C(12)). 
13C NMR:  (126 MHz, C6D6) 
 142.2 (C(1)), 140.8 (C(2)), 139.0 (C(10)), 132.9 (C(9)), 130.4 (C(3)), 129.4 
(C(5)), 128.7 (C(4)), 128.9 (C(8)), 125.0 (C(7)), 124.3 (C(6)), 25.3 (C(11)), 9.0 
(C(12)). 
 
(2-Methoxynaphthalen-1-yl)dimethylsilane [TC-23-66] 
 
To a flame-dried, 3-necked, 250 mL round-bottomed flask equipped with two septa, an 
internal temperature probe, a gas adapter and a magnetic stir bar, was charged 1-bromo-2-
methoxynaphthalene (1.54 g, 6.5 mmol, 1 equiv). After evacuation and back filled with argon, 
Et2O (28 mL) was added. The solution was cooled to -76 °C and n-butyllithium (2.38 M, 2.8 mL, 
6.5 mmol, 1 equiv) was added to the suspension (internal temperature was never higher than −70 
°C). After 5 min, the IPA/CO2 bath was replaced with an ice/water bath. The mixture was stirred 
at 0 °C for 1.5 h then transferred via cannula to the dimethylchlorosilane solution prepared 
below. 
The solution of dimethylchlorosilane was prepared by adding dimethylchlorosilane (0.95 
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mL, 8.5 mmol, 1.3 equiv) to Et2O (9 mL) in a flame-dried, 250-mL three-necked round-
bottomed flask equipped two septa, an argon inlet and a magnetic stir bar. This solution was 
cooled to 0 °C in an ice bath before the (2-methoxynaphthalen-1-yl)lithium solution prepared 
above was added via cannula. After stirring at room temperature for 4 h, the mixture was 
concentrated and treated with pentane (50 mL). The precipitate was filtered and the filtrate was 
then concentrated to give a light yellow oil. Short-path distillation afforded 1.28 g of the target 
silane contaminated with 2-methoxynaphthalene (~6 mol %). The yield for (2-
methoxynaphthalen-1-yl)dimethylsilane was estimated to be ~1.22 g (~87%). 
 
Data: 
 bp:  120 °C [0.025 mm Hg, ABT] 
 1H NMR:      (500 MHz, CDCl3) 
  8.34 (d, J = 8.6 Hz, 1 H, HC(8)), 7.88 (d, J = 9.0 Hz, 1 H, HC(4)), 7.79 (d, J = 8.1 
Hz, 1 H, HC(5)), 7.46 (ddd, J = 8.4, 6.8, 1.3 Hz, 1 H, HC(7)), 7.33 (ddd, J = 7.9, 
6.9, 0.9 Hz, 1 H, HC(6)), 7.24 (d, J = 9.0 Hz, 1 H, HC(3)), 5.05 (hept, J = 3.6 Hz, 
1 H, SiH), 3.93 (s, 3 H, H3C(11)), 0.44 (d, J = 3.8 Hz, 6 H, H3C(12)). 
13C NMR:  (126 MHz, CDCl3) 
 163.3 (C(2)), 138.2 (C(10)), 132.0 (C(4)), 129.4 (C(9)), 128.6 (C(5)), 127.0 
(C(8)), 126.3 (C(7)), 123.2 (C(6)), 119.0 (C(1)), 112.8 (C(3)), 56.2 (C(11)), -3.0 
(C(12)). 
 IR: (neat) 
  3054 (w), 2957 (m), 2903 (m), 2837 (m), 2126 (s), 1618 (m), 1588 (s), 1559 (m), 
1506 (s), 1460 (s), 1440 (m), 1427 (m), 1354 (w), 1320 (s), 1263 (s), 1243 (s), 
1175 (m), 1146 (m), 1138 (m), 1069 (s), 1025 (m), 994 (s), 916 (s), 881 (s), 839 
(s), 809 (s), 783 (s), 747 (s), 707 (m) 
 MS: (EI, 70 eV) 
  216.1 (M+, 51), 201.1 (100), 171.0 (65), 141.1 (62), 115.0 (26), 89.1 (15) 
 HRMS: (EI, 70 eV) 
  Calc. for C13H16OSi: 216.09705, found: 216.09672 
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Preparation of (2-Methoxynaphthalen-1-yl)dimethylsilanol (120) [TC-23-68] 
 
Following the reaction protocol developed by Lee et. al.,54 a 100-mL, round-bottomed 
flask containing a magnetic stir bar was added (2-methoxynaphthalen-1-yl)dimethylsilane (~94 
mol % purity, 1.22 g, 5.4 mmol, 1 equiv) and acetonitrile (5.4 mL). To this solution was added 
[(COD)IrCl]2 (36 mg, 0.054 mmol, 0.01 equiv) resulting in a bright yellow solution. H2O (480 
µL, 27 mmol, 5 equiv) was added in 30 sec. After stirring at room temperature for 0.5 h and no 
more bubbling was observed. The purple solution was poured into a solution of H2O (40 mL) 
and brine (10 mL) and extracted with pentane (60 mL × 4). The combined organic layers were 
dried over Na2SO4, filtered and concentrated to give a purple oil. Purification by column 
chromatography (SiO2, 4.5 × 16 cm, hexane/EtOAc, 10/1) and Kugelrohr distillation afforded 
1.07 g of 120 as a colorless oil contaminated with 1,1,3,3-tetramethyl-3-(2-methylnaphthalen-1-
yl)disiloxan-1-ol (~2 mol %). The yield for 120 was estimated to be 1.04 g (83%). 
 
Data for 120: 
 bp:  170 °C [0.025 mm Hg, ABT] 
 1H NMR:      (500 MHz, CDCl3) 
  8.19 (d, J = 8.6 Hz, 1 H, HC(8)), 7.90 (d, J = 9.0 Hz, 1 H, HC(4)), 7.79 (d, J = 8.1 
Hz, 1 H, HC(5)), 7.45 (ddd, J = 8.4, 6.8, 1.4 Hz, 1 H, HC(7)), 7.35 (ddd, J = 7.9, 
6.8, 1.0 Hz, 1 H, HC(6)), 7.25 (d, J = 8.5 Hz, 1 H, HC(3)), 3.97 (s, 3 H, H3C(11)), 
3.53 (s, 1 H, OH), 0.58 (s, 6 H, H3C(12)). 
13C NMR:  (126 MHz, CDCl3) 
 162.5 (C(2)), 137.7 (C(10)), 132.4 (C(4)), 129.5 (C(9)), 128.7 (C(5)), 127.0 
(C(8)), 126.4 (C(7)), 123.5 (C(6)), 120.0 (C(1)), 112.9 (C(3)), 56.5 (C(11)), 3.3 
(C(12)). 
 IR: (neat) 
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  3390 (bm), 3055 (w), 2957 (m), 2838 (w), 1617 (m), 1589 (m), 1558 (m), 1505 
(s), 1461 (s), 1356 (w), 1317 (s), 1265 (s), 1242 (s), 1177 (m), 1147 (m), 1138 
(m), 1066 (m), 1026 (m), 993 (m), 838 (s), 810 (s), 786 (s), 750 (m) 709 (w) 
 MS: (EI, 70 eV) 
  232.1 (M+, 65), 187.0 (100), 141.1 (98), 115.0 (27), 83.0 (38) 
 HRMS: (EI, 70 eV) 
  Calc. for C13H16O2Si: 232.09196, found: 232.09227 
 TLC: Rf  0.43 (hexane/EtOAc, 4/1) [silica gel, UV, KMnO4] 
 
Potassium (2-methoxynaphthalen-1-yl)dimethylsilanolate (K+120−) [TC-23-70] 
 
 In a dry box, a solution of (2-methoxynaphthalen-1-yl)dimethylsilanol 120 (98 mol% 
purity, 807 mg, 3.5 mmol, 1.0 equiv) in Et2O (9 mL) was added dropwise over 5 min to a 
suspension of KH (168 mg, 4.2 mmol, 1.2 equiv) in Et2O (8 mL) in an oven-dried, 50 mL, 1-
necked round-bottomed flask equipped with a stir-bar. After 10 min, lots of white solid formed 
and bubbling has subsided. The resulting mixture was stirred for 1 h and was filtered through a 
medium-porosity fritted funnel into a one-neck flask fitted with a vacuum stopcock adaptor, 
eluted with THF (15 mL). The solvent was evaporated in vacuo to give a sticky, pale yellow oil. 
The residue was vigorous stirred in hexanes (10 mL) for 10 min and the volatiles were once 
again evaporated. This sequence was repeated a total of three times to give a chunky white solid. 
The solid was treated with Et2O (2 mL) and hexanes (15 mL) with vigorous stirring to give a 
thick, white suspension, which was filtered through a medium-porosity fritted funnel. The 
collected solids were further washed with dry hexanes (10 mL × 2). The solids were placed in an 
oven-dried, 15-mL recovery flask equipped with a vacuum stopcock adaptor and any excess 
volatiles were removed in vacuo to give 0.92 g (98 %) of K+120− as a white powder in 97% 
purity. 
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Data for K+120−: 
 1H NMR:      (500 MHz, d8-THF) 
  9.21 (d, J = 8.1 Hz, 1 H, HC(8)), 7.69 (d, J = 8.8 Hz, 1 H, HC(4)), 7.64 (d, J = 8.1 
Hz, 1 H, HC(5)), 7.24 – 7.18 (m, 1 H, HC(7)), 7.21 (d, J = 8.6 Hz, 1 H, HC(3)), 
7.08  (t, J = 7.2, 1 H, HC(6)), 3.81 (s, 3 H, H3C(11)), 0.26 (s, 6 H, H3C(12)). 
13C NMR:  (126 MHz, d8-THF) 
 162.5 (C(2)), 140.8 (C(10)), 130.8 (C(4)), 130.4 (C(9)), 130.0 (C(1)), 129.4 
(C(8)), 128.8 (C(5)), 125.7 (C(7)), 123.1 (C(6)), 114.5 (C(3)), 56.4 (C(11)), 7.6 
(C(12)). 
 
 
4.3.11 General Procedure XI: SAR and SSR Studies of Bis-hydrazone Ligands for the 
Cross Coupling of 2-Methylnaphthylsilanolate K
+
33
−
 and Role Reversal Experiment 
(Table 30) 
 
 To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stir-bar, reflux 
condenser, and three-way argon adapter was charged [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), 
bis-hydrazone ligand 50 (10 µmol, 0.05 equiv) and biphenyl (15.4 mg, internal standard, for GC 
analysis). The flask was brought into a drybox where toluene (0.1 mL) and 1-bromonaphthalene 
(28.5 µL, 0.2 mmol, 1 equiv) were added to give a bright yellow solution after stirring. 
Following the addition of aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 1.5 equiv) and 
additional toluene (0.1 mL), the flask was sealed away from the atmosphere and removed to a 
hood. The flask was then placed into a preheated 70 °C oil bath and stirred at this temperature 
under argon until consumption of the silanolate. The reaction was cooled to room temperature, 
and the brown solution was filtered through a pad of silica (1.5 cm deep, 15 mL size, medium-
porosity fritted funnel), eluted with Et2O (30 mL), concentrated to give a brown oil. Purification 
351 
 
by column chromatography (SiO2, 1.5 × 20 cm, hexane) afforded 35 for CSP-SFC analysis ((R)-
35, tR 12.5 min; 36 tR 16.8, 22.7 min; (S)-35, tR 26.6 min). 
The progress of the reaction was monitored by GC. A 25-µL aliquot of the reaction 
mixture was taken by syringe and was quenched with a saturated solution of sodium thiosulfate 
(~0.5 mL). Extraction of the aqueous phase with EtOAc (~0.5 mL) followed by filtration through 
a plug of silica gel (0.5 × 1.0 cm) provided the GC sample. 
 
GC Method for Monitoring the Progress of the Cross Coupling of (2-Methylphthalen-1-
yl)dimethylsilanolate K
+
33
−
: 
Injections were made onto a Hewlett-Packard HP-1 50-m cross-linked 1%-phenyl methyl 
silicone gum phase column. The injector and detector temperature were 250 °C. The column 
oven temperature was as follows 160 °C (5 min) to 275 °C ramp at 50 °C/min, 275 °C for 11 
min. Retention times (tR): napthalene, 2.11 min; biphenyl (internal standard), 2.70 min; 1-
bromonaphthalene, 3.89 min; (2-methylnaphthalen-1-yl)dimethylsilanol, 6.75 min; 1,1’-
binaphthalene, 9.25 min; 2-methyl-1,1'-binaphthalene, 9.35 min. 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using MOP-type Ligand 37 (Table 15, 
entry 1) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
37 (5.9 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in 
toluene (0.25 mL) and stirred at 110 °C for 4 h. Purification by column chromatography afforded 
46 mg of 35 as a white solid. The estimated yield for 35 was 46 mg (68%) after accounting the 
amount of 1,1-binapthalene (1%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (62%); (S)-35, tR 26.6 min (38%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using MOP-type Ligand 37 (Table 15, 
entry 2) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
37 (5.9 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
352 
 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in 
toluene (0.25 mL) and stirred at 90 °C for 4 h. Purification by column chromatography afforded 
47 mg of 35 as a white solid. The estimated yield for 35 was 46 mg (69%) after accounting the 
amount of 1,1-binapthalene (1%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (61%); (S)-35, tR 26.6 min (39%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using MOP-type Ligand 37 (Table 15, 
entry 3) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
37 (5.9 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in  
1,4-dioxane (0.25 mL) and stirred at 90 °C for 7.5 h. Purification by column chromatography 
afforded 51 mg of 35 as a white solid. The estimated yield for 35 was 50 mg (75%) after 
accounting the amount of 1,1-binapthalene (2%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (66%); (S)-35, tR 26.6 min (34%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using MOP-type Ligand 42 (Table 15, 
entry 4) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
42 (7.0 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in 
toluene (0.25 mL) and stirred at 90 °C for 22 h. Purification by column chromatography afforded 
40 mg of 35 as a white solid. The estimated yield for 35 was 38 mg (56%) after accounting the 
amount of 1,1-binapthalene (6%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (48%); (S)-35, tR 26.6 min (52%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
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Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using MOP-type Ligand 38 (Table 15, 
entry 5) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
38 (7.6 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in  
toluene (0.25 mL) and stirred at 90 °C for 7.5 h. Purification by column chromatography 
afforded 47 mg of 35 as a white solid. The estimated yield for 35 was 47 mg (70%) after 
accounting the amount of 1,1-binapthalene (1%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (57%); (S)-35, tR 26.6 min (43%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using MOP-type Ligand 39 (Table 15, 
entry 6) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
39 (6.7 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in  
toluene (0.25 mL) and stirred at 90 °C for 4 h. Purification by column chromatography afforded 
52 mg of 35 as a white solid. The estimated yield for 35 was 51 mg (76%) after accounting the 
amount of 1,1-binapthalene (1%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (68%); (S)-35, tR 26.6 min (32%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using MOP-type Ligand 40 (Table 15, 
entry 7) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
40 (7.2 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in  
toluene (0.25 mL) and stirred at 90 °C for 31 h. Purification by column chromatography afforded 
29 mg of 35 as a white solid. The estimated yield for 35 was 29 mg (43%) after accounting the 
amount of 1,1-binapthalene (1%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (50%); (S)-35, tR 26.6 min (50%);  
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  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
35
−
 and 1-Bromonaphthalene using MOP-type Ligand 41 (Table 15, 
entry 8) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
41 (6.1 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in  
toluene (0.25 mL) and stirred at 90 °C for 12 h. Purification by column chromatography afforded 
23 mg of 35 as a white solid. The estimated yield for 35 was 19 mg (29%) after accounting the 
amount of 1,1-binapthalene (13%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (46%); (S)-35, tR 26.6 min (54%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using MOP-type Ligand 43 (Table 15, 
entry 9) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
43 (7.4 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in  
toluene (0.25 mL) and stirred at 90 °C for 12 h. Purification by column chromatography afforded 
45 mg of 35 as a white solid. The estimated yield for 35 was 44 mg (66%) after accounting the 
amount of 1,1-binapthalene (2%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (60%); (S)-35, tR 26.6 min (40%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using MOP-type Ligand 44 (Table 15, 
entry 10) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
44 (5.8 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in  
toluene (0.25 mL) and stirred at 90 °C for 22 h. Purification by column chromatography afforded 
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34 mg of 35 as a white solid. The estimated yield for 35 was 33 mg (49%) after accounting the 
amount of 1,1-binapthalene (3%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (55%); (S)-35, tR 26.6 min (45%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using MOP-type Ligand 45 (Table 15, 
entry 11) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), ligand 
45 (6.2 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-bromonaphthalene (35.5 µL, 0.25 
mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were combined in  
toluene (0.25 mL) and stirred at 90 °C for 12 h. Purification by column chromatography afforded 
34 mg of 35 as a white solid. The estimated yield for 35 was 32 mg (48%) after accounting the 
amount of 1,1-binapthalene (6%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (51%); (S)-35, tR 26.6 min (49%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 50e (Table 
29, entry 1) [TC-24-19] 
 
 To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stir-bar, reflux 
condenser, and three-way argon adapter was charged [allylPdCl]2 (4.6 mg, 12.5 µmol, 0.025 
equiv) and bis-hydrazone ligand 50e (12.5 mg, 25 µmol, 0.05 equiv). The flask was brought into 
a drybox where toluene (0.25 mL) and 1-bromonaphthalene (71 µL, 0.5 mmol, 1 equiv) were 
added to give a bright yellow solution after stirring. Following the addition of 
aryldimethylsilanolate K+33− (191 mg, 0.75 mmol, 1.5 equiv) and additional toluene (0.25 mL), 
the flask was sealed away from the atmosphere and removed to a hood. The flask was then 
placed into a preheated 70 °C oil bath and stirred at this temperature under argon for 2 h. The 
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reaction was cooled to room temperature, and the brown solution was filtered through a pad of 
silica gel (1.5 cm deep, 30 mL size, medium-porosity fritted funnel), eluted with Et2O (30 mL), 
concentrated to give a brown oil and some white solid. Purification by column chromatography 
(SiO2, 1.5 × 21 cm, hexane) afforded 123 mg (92%) of 35 as a white solid containing ~2.5% 
binaphthalene measured by SFC analysis.  
 
Data for 35: 
 1H NMR:      (500 MHz, CDCl3)   
7.96 (d, J = 8.2 Hz, 2 H), 7.89 (dd, J = 8.3, 3.2 Hz, 2 H), 7.62 (dd, J = 8.2, 7.0 Hz, 
1 H), 7.52 – 7.46 (m, 2 H), 7.44 – 7.37 (m, 2 H), 7.32 – 7.20 (m, 3 H), 7.16 (d, J = 
8.3 Hz, 1 H), 2.12 (s, 3 H). 
13C NMR:  (126 MHz, CDCl3) 
 137.5, 136.0, 134.4, 133.7, 133.4, 132.5, 131.9, 128.6, 128.2, 127.7, 127.7, 127.6, 
127.5, 126.2, 126.1, 126.0, 125.9, 125.8, 125.6, 124.8, 20.5. 
 MS: (EI, 70 eV) 
  268.1 (M+, 100), 253.0 (49), 126.0 (17), 109.0 (23) 
 HRMS: (EI, 70 eV) 
  Calc. for C21H16: 268.12520, found: 268.12526 
 Opt. Rot.: [α]D
24 –40.2 (c = 0.5, chloroform) 
 SFC: (R)-35, tR 12.5 min (95%); (S)-35, tS 26.6 min (5%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 TLC:  Rf  0.32 (hexane) [silica gel, UV]  
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 50g (Table 
29, entry 2) 
 Following General Procedure XI, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50g (6.0 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 
1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 3 h. Purification by 
column chromatography afforded 43 mg of 35 as a white solid. The estimated yield for 35 was 
40 mg (75%) after accounting the amount of 1,1-binapthalene (3.6%) measured by SFC. 
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 SFC: (R)-35, tR 12.5 min (8%); (S)-35, tR 26.6 min (92%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 50h (3,5-
Ph2) (Table 29, entry 3) 
 Following General Procedure XI, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50h (11.1 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 
1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 3 h. Purification by 
column chromatography afforded 42 mg of 35 as a white solid. The estimated yield for 35 was 
40 mg (73%) after accounting the amount of 1,1-binapthalene (4.1%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (13%); (S)-35, tR 26.6 min (87%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 50h (Table 
29, entry 4) 
 Following General Procedure XI, (MeCN)2PdCl2 (3.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50h (11.1 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 
1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 3 h. Purification by 
column chromatography afforded 6.8 mg of 35 as a white solid. The estimated yield for 35 was 
6.4 mg (12%) after accounting the amount of 1,1-binapthalene (3.0%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (12%); (S)-35, tR 26.6 min (88%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 50i (Table 
29, entry 5) 
 Following General Procedure XI, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50i (5.6 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 
1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 12 h. Purification by 
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column chromatography afforded 36 mg of 35 as a white solid. The estimated yield for 35 was 
30 mg (56%) after accounting the amount of 1,1-binapthalene (9.7%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (44%); (S)-35, tR 26.6 min (56%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 50f (Table 
29, entry 6) 
 Following General Procedure XI, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50f (7.0 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 
1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 2 h. Purification by 
column chromatography afforded 47 mg of 35 as a white solid. The estimated yield for 35 was 
46 mg (86%) after accounting the amount of 1,1-binapthalene (1.4%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (5%); (S)-35, tR 26.6 min (95%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 50a (Table 
29, entry 7) 
 Following General Procedure XI, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50a (6.2 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 
1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 2 h. Purification by 
column chromatography afforded 45 mg of 35 as a white solid. The estimated yield for 35 was 
43 mg (81%) after accounting the amount of 1,1-binapthalene (2.0%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (6%); (S)-35, tR 26.6 min (94%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 50c (Table 
29, entry 8) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), bis-
hydrazone ligand (S,S,S,S)-50c (9.7 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-
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bromonaphthalene (35.5 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 
mmol, 1.5 equiv) were combined in toluene (0.25 mL) and stirred at 70 °C for 2 h. Purification 
by column chromatography afforded 57 mg of 35 as a white solid. The estimated yield for 35 
was 54 mg (81%) after accounting the amount of 1,1-binapthalene (3.8%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (90%); (S)-35, tR 26.6 min (10%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 50d (Table 
29, entry 9) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), bis-
hydrazone ligand (S,S,S,S)-50d (13.1 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.4 mg), 1-
bromonaphthalene (35.5 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 
mmol, 1.5 equiv) were combined in  toluene (0.25 mL) and stirred at 70 °C for 18 h. Purification 
by column chromatography afforded 40 mg of 35 as a white solid. The estimated yield for 35 
was 35 mg (52%) after accounting the amount of 1,1-binapthalene (8.3%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (71%); (S)-35, tR 26.6 min (29%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 50j (Table 
29, entry 10) 
 Following General Procedure XI, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50j (5.8 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 
1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 7 h. Purification by 
column chromatography afforded 27 mg of 35 as a white solid. The estimated yield for 35 was 
24 mg (45%) after accounting the amount of 1,1-binapthalene (5.8%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (20%); (S)-35, tR 26.6 min (80%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
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Cross Coupling of K
+
33
−
 and 1-Bromo-2-methylnaphthalene using Bis-hydrazone Ligand 
50e (Table 29, entry 11) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), bis-
hydrazone ligand (S,S,S,S)-50e (6.2 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-bromo-2-
methylnaphthalene (~85 mol % purity, 62 mg, 0.25 mmol, 1 equiv) K+33− (96 mg, 0.38 mmol, 
1.5 equiv) were combined in  toluene (0.25 mL) and stirred at 110 °C for 19 h. Purification by 
column chromatography afforded 17 mg of 2,2’-dimethyl-1,1’binaphthalene (24%) as a white 
solid. The spectroscopic data matched those from the literature.281  
 
Data: 
 1H NMR:      (500 MHz, CDCl3)   
7.94 – 7.85 (m, 4 H), 7.51 (d, J = 8.4 Hz, 2 H), 7.40 (t, J = 7.1 Hz, 2 H), 7.25 – 
7.16 (m, 2 H), 7.05 (d, J = 8.4 Hz, 2 H), 2.04 (s, 6 H). 
 SFC: (R)-2,2’-dimethyl-1,1’binaphthalene, tR 12.5 min (92%);  
  (S)- 2,2’-dimethyl-1,1’binaphthalene, tR 26.6 min (8%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 2.5% MeOH in CO2, 1 mL/min, 220 nm, 40 
°C) 
 
Cross Coupling of K
+
119
−
 and 1-Bromo-2-methylnaphthalene using Bis-hydrazone Ligand 
50e (Table 29, entry 12) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), bis-
hydrazone ligand (S,S,S,S)-50e (6.3 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-bromo-2-
methylnaphthalene (~85 mol % purity, 62 mg, 0.25 mmol, 1 equiv) potassium 1-
naphthyldimethylsilanolate K+119− (92 mg, 0.38 mmol, 1.5 equiv) were combined in  toluene 
(0.2 mL) and stirred at 70 °C for 7 h. Purification by column chromatography afforded 49 mg of 
35 as a white solid. The estimated yield for 35 was 48 mg (72%) after accounting the amount of 
1,1-binapthalene (1.2%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (95%); (S)-35, tR 26.6 min (5%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
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Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 63a (Table 
30, entry 3) 
 Following General Procedure XI, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand 63a (3.5 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-bromonaphthalene 
(28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 1.5 equiv) were 
combined in toluene (0.2 mL) and stirred at 70 °C for 4 h. Purification by column 
chromatography afforded 40 mg of 35 as a white solid. The estimated yield for 35 was 38 mg 
(70%) after accounting the amount of 1,1-binapthalene (3.5%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (40%); (S)-35, tR 26.6 min (60%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 63f (Table 
30, entry 4) 
 Following General Procedure XI, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand 63f (4.5 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-bromonaphthalene 
(28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 1.5 equiv) were 
combined in toluene (0.2 mL) and stirred at 70 °C for 6 h. Purification by column 
chromatography afforded 43 mg of 35 as a white solid. The estimated yield for 35 was 41 mg 
(76%) after accounting the amount of 1,1-binapthalene (2.8%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (43%); (S)-35, tR 26.6 min (57%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 74 (Table 
30, entry 5) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), bis-
hydrazone ligand 74 (6.3 mg, 12.5 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-bromonaphthalene 
(35.5 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were 
combined in toluene (0.25 mL) and stirred at 70 °C for 4 h. Purification by column 
chromatography afforded 57 mg of 35 as a white solid. The estimated yield for 35 was 52 mg 
(78%) after accounting the amount of 1,1-binapthalene (6.6%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (48%); (S)-35, tR 26.6 min (52%);  
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  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 72 (Table 
30, entry 6) 
 Following General Procedure X, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand 72 (5.4mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-bromonaphthalene 
(28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 1.5 equiv) were 
combined in toluene (0.2 mL) and stirred at 70 °C for 2 h. Reaction stalled. Purification by 
column chromatography afforded ~13.5 mg of 35 as a white solid with a minor contaminant. The 
estimated yield for 35 was ~11 mg (~21%) after accounting the amount of 1,1-binapthalene 
(12.8%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (50%); (S)-35, tR 26.6 min (50%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 79 (Table 
30, entry 7) 
 Following General Procedure XI, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), bis-
hydrazone ligand 79 (8.1 mg, 12.5 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-bromonaphthalene 
(35.5 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+33− (96 mg, 0.38 mmol, 1.5 equiv) were 
combined in toluene (0.25 mL) and stirred at 70 °C for 2 h. Purification by column 
chromatography afforded 59 mg of 35 as a white solid. The estimated yield for 35 was 56 mg 
(84%) after accounting the amount of 1,1-binapthalene (3.0%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (19%); (S)-35, tR 26.6 min (81%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Bis-hydrazone Ligand 83 (Table 
30, entry 8) 
 Following General Procedure XI, [allylPdCl]2 (1.0 mg, 2.5 µmol, 0.025 equiv), bis-
hydrazone ligand 83 (4.8 mg, 5 µmol, 0.05 equiv), biphenyl (7.7 mg), 1-bromonaphthalene (14 
µL, 0.1 mmol, 1 equiv) aryldimethylsilanolate K+33− (39 mg, 0.15 mmol, 1.5 equiv) were 
combined in toluene (0.2 mL) and stirred at 70 °C for 18 h. Purification by column 
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chromatography afforded 18 mg of 35 as a white solid. The estimated yield for 35 was 16 mg 
(59%) after accounting the amount of 1,1-binapthalene (9.0%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (68%); (S)-35, tR 26.6 min (32%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K
+
33
−
 and 1-Bromonaphthalene using Hybrid Ligand 78 (Table 30, 
entry 9) 
 Following General Procedure XI, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand 78 (4.0 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-bromonaphthalene 
(28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+33− (78 mg, 0.3 mmol, 1.5 equiv) were 
combined in toluene (0.2 mL) and stirred at 70 °C for 24 h. Purification by column 
chromatography afforded 21 mg of 35 as a white solid. The estimated yield for 35 was 18 mg 
(34%) after accounting the amount of 1,1-binapthalene (8.8%) measured by SFC. 
 SFC: (R)-35, tR 12.5 min (52%); (S)-35, tR 26.6 min (48%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 5% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
 
4.3.12 General Procedure XII: SAR and SSR Studies of Bis-hydrazone Ligands for the 
Cross Coupling of 2-Methoxynaphthylsilanolate K
+
120
−
 and Role Reversal 
Experiments (Table 31) 
 
 
 To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stir-bar, reflux 
condenser, and three-way argon adapter was charged [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), 
bis-hydrazone ligand122 50 (10 µmol, 0.05 equiv) and biphenyl (15.4 mg, internal standard, for 
GC analysis). The flask was brought into a drybox where toluene (0.1 mL) and 1-
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bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) were added to give a bright yellow solution 
after stirring. Following the addition of aryldimethylsilanolate K+120− (82 mg, 0.3 mmol, 1.5 
equiv) and additional toluene (0.1 mL), the flask was sealed away from the atmosphere and 
removed to a hood. The flask was then placed into a preheated 70 °C oil bath and stirred at this 
temperature under argon for 3 h. The reaction was cooled to room temperature, and the brown 
solution was filtered through a pad of silica (1.5 cm deep, 15 mL size, medium-porosity fritted 
funnel), eluted with Et2O (30 mL), concentrated to give a brown oil. Purification by column 
chromatography (SiO2, 1.5 × 27 cm, hexane/CH2Cl2) afforded 121 with suitable purity for CSP-
SFC analysis. 
The product conversion at 3 h was analyzed by GC based on response factor. A 25-µL 
aliquot of the reaction mixture was taken by syringe and was quenched with a saturated solution 
of sodium thiosulfate (~0.5 mL). Extraction of the aqueous phase with EtOAc (~0.5 mL) 
followed by filtration through a plug of silica gel (0.5 × 1.0 cm) provided the GC sample. 
 
GC Method and Response Factor for 2-Methoxy-1,1'-binaphthalene K+120− 
GC Method: Injections were made onto a Hewlett-Packard HP-1 50-m cross-linked 1%-
phenyl methyl silicone gum phase column. The injector and detector temperature were 250 °C. 
The column oven temperature was as follows 160 °C (5 min) to 275 °C ramp at 50 °C/min, 275 
°C for 11 min. Retention times (tR) and integrated ratios were obtained from reporting 
integrators.  
Response factor (Rf): (mmol 121 × area of biphenyl)/(mmol of biphenyl × area of 121) 
 
mmol of area of mmol of area of Response  
sample biphenyl biphenyl 121 121 Factor 
1 0.0681 735148 0.0176 598654 0.317 
 
0.0681 869109 0.0176 743894 0.302 
 
0.0681 862856 0.0176 741268 0.301 
2 0.0681 827664 0.0355 1475509 0.293 
 
0.0681 839066 0.0355 1413766 0.310 
 
0.0681 830802 0.0355 1406138 0.308 
3 0.0661 795787 0.0528 2130104 0.298 
 
0.0661 806581 0.0528 2122581 0.303 
 
0.0661 807071 0.0528 2143601 0.300 
Average Rf = 0.303 
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 Retention times (tR) for the cross coupling of 2-methoxynaphthylsilanolate K
+
120
−
:  
biphenyl (internal standard), 2.69 min; 2-methoxynaphthalene, 2.43 min; 1-bromonaphthalene, 
3.88 min; (2-methoxynaphthalen-1-yl)dimethylsilanol, 7.03 min; 2-methoxy-1,1'-binaphthalene, 
10.02 min. 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis-hydrazone Ligand 50e 
(Table 31, entry 1 and 2) [TC-23-21] 
 
 To an oven-dried 5 mL round-bottomed flask equipped with a magnetic stir-bar, reflux 
condenser, and three-way argon adapter was charged [allylPdCl]2 (2.3 mg, 6.3 µmol, 0.025 
equiv), bis-hydrazone ligand (S,S,S,S)-50e (6.3 mg, 12.5 µmol, 0.05 equiv) and biphenyl (19.3 
mg, internal standard, for GC analysis). The flask was brought into a drybox where toluene 
(0.125 mL) and 1-bromonaphthalene (36 µL, 0.25 mmol, 1 equiv) were added to give a bright 
yellow solution after stirring. Following the addition of aryldimethylsilanolate K+120− (106 mg, 
0.38 mmol, 1.5 equiv) and additional toluene (0.125 mL), the flask was sealed away from the 
atmosphere and removed to a hood. The flask was then placed into a preheated 70 °C oil bath 
and stirred at this temperature under argon for 3 h (GC yield: 76%). The reaction was cooled to 
room temperature, and the brown solution was filtered through a pad of silica gel (1.5 cm deep, 
30 mL size, medium-porosity fritted funnel), eluted with Et2O (30 mL), concentrated to give a 
brown oil. Purification by column chromatography (SiO2, 1.5 × 27 cm, hexane/CH2Cl2, 4/1 then 
2/1) afforded 57 mg of 121 (79:21 er) as a sticky solid contaminated with siloxanes. The solid 
was swirled in MeOH (1 mL) and the solvent was removed carefully using a syringe with a 25-
gauged needle. This procedure was repeated with a smaller portion of MeOH (0.5 mL) go give 
42 mg (60%) of 121 (84:16 er) as a white powder after drying in vacuo. The product in the 
combined methanol mother liquors has an enantiomeric ratio of 67:33. 
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Data for 121: 
 GC: 121, tR 10.0 min (76%) 
 1H NMR:      (500 MHz, CDCl3)   
7.99 (d, J = 9.0 Hz, 1 H), 7.95 (dd, J = 8.0, 5.3 Hz, 2 H), 7.88 (d, J = 8.2 Hz, 1 H), 
7.63 (dd, J = 7.6, 7.6 Hz, 1 H), 7.49 – 7.43 (m, 3 H), 7.36 – 7.21 (m, 4 H), 7.16 (d, 
J = 8.5 Hz, 1 H), 3.77 (s, 3 H). 
13C NMR:  (126 MHz, CDCl3) 
 154.6, 134.5, 134.2, 133.7, 132.9, 129.4, 129.0, 128.4, 128.2, 127.8, 127.7, 126.3, 
126.1, 125.8, 125.7, 125.5, 125.5, 123.5, 123.2, 113.8, 56.7. 
 MS: (EI, 70 eV) 
  283.9 (M+, 100), 268.9 (23), 252.9 (16), 238.9 (26), 119.4 (11) 
 HRMS: (EI, 70 eV) 
  Calc. for C21H16O: 284.12012, found: 284.11980 
 Opt. Rot.: [α]D
24 −19.4 (c = 0.5, chloroform) 
 SFC: (S)-121, tR 14.2 min (79%); (R)-121, tS 23.2 min (21%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 TLC:  Rf  0.21 (hexane/CH2Cl2, 4/1) [silica gel, UV]  
 
Cross Coupling of K+120− and 1-Bromonaphthalene without Ligand (Table 31, entry 3) 
 Following General Procedure XII, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), biphenyl 
(15.4 mg), 1-bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+120− (82 
mg, 0.3 mmol, 1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 3 h. 
 GC: 121, tR 10.0 min (56%) 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis-hydrazone Ligand 50f  
(Table 31, entry 4) 
 Following General Procedure XII, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50f (7.0 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+120− (82 mg, 0.3 
mmol, 1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 3 h. 
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 GC: 121, tR 10.0 min (53%) 
 SFC: (S)-121, tR 14.2 min (84%); (R)-121, tR 23.2 min (16%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis-hydrazone Ligand 50g  
(Table 31, entry 5) 
 Following General Procedure XII, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50g (6.0 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+120− (82 mg, 0.3 
mmol, 1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 3 h. 
 GC: 121, tR 10.0 min (61%) 
 SFC: (S)-121, tR 14.2 min (69%); (R)-121, tR 23.2 min (31%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis-hydrazone Ligand 50h 
(Table 31, entry 6) 
 Following General Procedure XII, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50h (11.1 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+120− (82 mg, 0.3 
mmol, 1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 3 h. 
 GC: 121, tR 10.0 min (38%) 
 SFC: (S)-121, tR 14.2 min (74%); (R)-121, tR 23.2 min (26%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis-hydrazone Ligand 50i (Table 
31, entry 7) 
 Following General Procedure XII, [allylPdCl]2 (1.9 mg, 5 µmol, 0.025 equiv), bis-
hydrazone ligand (R,R,R,R)-50i (5.6 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+120− (82 mg, 0.3 
mmol, 1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 3 h. 
 GC: 121, tR 10.0 min (66%) 
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 SFC: (S)-121, tR 14.2 min (56%); (R)-121, tR 23.2 min (44%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis-hydrazone Ligand 50e 
(Table 31, entry 8) 
 Following General Procedure XII, (MeCN)2PdCl2 (3.9 mg, 10 µmol, 0.05 equiv), bis-
hydrazone ligand (S,S,S,S)-50e (5.0 mg, 10 µmol, 0.05 equiv), biphenyl (15.4 mg), 1-
bromonaphthalene (28.5 µL, 0.2 mmol, 1 equiv) aryldimethylsilanolate K+120− (82 mg, 0.3 
mmol, 1.5 equiv) were combined in toluene (0.2 mL) and stirred at 70 °C for 3 h. 
 GC: 121, tR 10.0 min (41%) 
 SFC: (S)-121, tR 14.2 min (12%); (R)-121, tR 23.2 min (88%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Role Reversal Cross Coupling of K+119− and 1-Bromo-2-methoxynaphthalene using Bis-
hydrazone Ligand 50e (Table 31, entry 9) 
 Following General Procedure XII, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), bis-
hydrazone ligand (S,S,S,S)-50e (6.3 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-bromo-2-
methoxynaphthalene (89 mg, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+119− (62 mg, 0.38 
mmol, 1.5 equiv) were combined in toluene (0.25 mL) and stirred at 70 °C for 24 h. 
 GC: 121, tR 10.0 min (60%) 
 SFC: (S)-121, tR 14.2 min (17%); (R)-121, tR 23.2 min (83%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Role Reversal Cross Coupling of K+119− and 1-Bromo-2-methoxynaphthalene using Bis-
hydrazone Ligand 50f (Table 10, entry 10) 
 Following General Procedure XII, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), bis-
hydrazone ligand 50f (8.8 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-bromo-2-
methoxynaphthalene (89 mg, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+119− (62 mg, 0.38 
mmol, 1.5 equiv) were combined in toluene (0.25 mL) and stirred at 70 °C for 24 h. 
 GC: 121, tR 10.0 min (46%) 
 SFC: (S)-121, tR 14.2 min (82%); (R)-121, tR 23.2 min (18%);  
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  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis(oxazoline) Ligand 122 (Table 
32, entry 1) 
 Following General Procedure XII, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), 
bis(oxazoline) ligand 122 (3.7 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-
bromonaphthalene (36 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+120− (102 mg, 0.38 
mmol, 1.5 equiv) were combined in toluene (0.25 mL) and stirred at 70 °C for 4 h. 
 GC: 121, tR 10.0 min (55%) 
 SFC: (S)-121, tR 14.2 min (36%); (R)-121, tR 23.2 min (64%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis(oxazoline) Ligand 123 (Table 
32, entry 2) 
 Following General Procedure XII, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), 
bis(oxazoline) ligand 123 (4.1 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-
bromonaphthalene (36 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+120− (102 mg, 0.38 
mmol, 1.5 equiv) were combined in toluene (0.25 mL) and stirred at 70 °C for 4 h. 
 GC: 121, tR 10.0 min (53%) 
 SFC: (S)-121, tR 14.2 min (38%); (R)-121, tR 23.2 min (62%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis(oxazoline) Ligand 123 (Table 
32, entry 3) 
 Following General Procedure XII, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), 
bis(oxazoline) ligand 123 (6.1 mg, 25 µmol, 0.1 equiv), biphenyl (19.3 mg), 1-bromonaphthalene 
(36 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+120− (102 mg, 0.38 mmol, 1.5 equiv) 
were combined in toluene (0.25 mL) and stirred at 70 °C for 4 h. 
 GC: 121, tR 10.0 min (61%) 
 SFC: (S)-121, tR 14.2 min (36%); (R)-121, tR 23.2 min (64%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
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Cross Coupling of K+120− and 1-Bromonaphthalene using Bis(oxazoline) Ligand 123 (Table 
32, entry 4) 
 Following General Procedure XII, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), 
bis(oxazoline) ligand 123 (8.1 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-
bromonaphthalene (36 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+120− (102 mg, 0.38 
mmol, 1.5 equiv) were combined in toluene (0.25 mL) and stirred at 70 °C for 4 h. 
 GC: 121, tR 10.0 min (59%) 
 SFC: (S)-121, tR 14.2 min (32%); (R)-121, tR 23.2 min (68%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis(oxazoline) Ligand 124 (Table 
32, entry 5) 
 Following General Procedure XII, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), 
bis(oxazoline) ligand 124 (4.8 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-
bromonaphthalene (36 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+120− (102 mg, 0.38 
mmol, 1.5 equiv) were combined in toluene (0.25 mL) and stirred at 70 °C for 4 h. 
 GC: 121, tR 10.0 min (48%) 
 SFC: (S)-121, tR 14.2 min (46%); (R)-121, tR 23.2 min (54%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Bis(oxazoline) Ligand 125 (Table 
32, entry 5) 
 Following General Procedure XII, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), 
bis(oxazoline) ligand 125 (7.2 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-
bromonaphthalene (36 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+120− (102 mg, 0.38 
mmol, 1.5 equiv) were combined in toluene (0.25 mL) and stirred at 70 °C for 4 h. 
 GC: 121, tR 10.0 min (44%) 
 SFC: (S)-121, tR 14.2 min (47%); (R)-121, tR 23.2 min (53%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
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Cross Coupling of K+120− and 1-Bromonaphthalene using Bis(oxazoline) Ligand 32 (Table 
32, entry 7) 
 Following General Procedure XII, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), 
bis(oxazoline) ligand 32 (7.2 mg, 12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-
bromonaphthalene (36 µL, 0.25 mmol, 1 equiv) aryldimethylsilanolate K+120− (102 mg, 0.38 
mmol, 1.5 equiv) were combined in toluene (0.25 mL) and stirred at 70 °C for 4 h. 
 GC: 121, tR 10.0 min (44%) 
 SFC: (S)-121, tR 14.2 min (47%); (R)-121, tR 23.2 min (53%);  
  (Chiralpak OJ, 200 bar, 1 mg/mL, 10% MeOH in CO2, 2 mL/min, 220 nm, 40 °C) 
 
 
Cross Coupling of K+120− and 1-Bromonaphthalene using Diene Ligands (Scheme 93) 
 Following General Procedure XII, [allylPdCl]2 (2.3 mg, 6.25 µmol, 0.025 equiv), diene 
ligand (12.5 µmol, 0.05 equiv), biphenyl (19.3 mg), 1-bromonaphthalene (36 µL, 0.25 mmol, 1 
equiv) aryldimethylsilanolate K+120− (102 mg, 0.38 mmol, 1.5 equiv) were combined in toluene 
(0.25 mL) and stirred at 70 °C for 18 h. The GC yield (60 – 73%) and enantiomeric purity 
(~50:50 er) of 2-methoxy-1,1'-binaphthalene are presented in Scheme 93. 
 
 
4.3.13 Preparation of Bis-hydrazone Palladium Complex  
Palladium Dichloride Complex of Bis-hydrazone 46 ((46)PdCl2)[TC-22-87] 
 
 To a 50 mL round-bottom flask equipped with a stir bar and an argon inlet adaptor was 
charged (PhCN)2PdCl2 (257 mg, 0.67 mmol, 1 equiv), CH2Cl2 (16.7 mL) to give an orange 
solution. Ligand 46 (149 mg, 0.67 mmol, 1 equiv) was added in one portion to give a dark red 
solution. The flask was purged with argon and the reaction was stirring at room temperature for 
2.5 h. The solvent was evaporated under reduced pressure to ~0.5 mL level and Et2O (4 mL) was 
added while the flask was gently swirled. The precipitate was collected by filtration (15 mL size, 
372 
 
medium-porosity fritted funnel), washed with Et2O (5 mL), and dried in vacuo to afford 248 mg 
(92%) of (46)PdCl2 as a reddish-orange powder. 
 
Data for (46)PdCl2: 
 1H NMR:      (500 MHz, CDCl3) 
  9.29 (br s, 2 H, HC(1)), 3.39 – 3.37 (m, 8 H, H2C(2)), 1.79 – 1.73 (m, 8 H, 
HC(3)), 1.57 – 1.50 (m, 4 H, HC(3)). 
 
Perfluorophenyl Palladium Chloride Complex of Bis-hydrazone 46 ((46)Pd(C6F5)Cl) [TC-
22-87] 
 
 To an oven-dried 100 mL, 3-necked round-bottom flask equipped with a stir bar an argon 
inlet and two septa was charged (46)PdCl2 (342 mg, 0.85 mmol, 1 equiv). After two cycles of 
evacuation and argon fill, CH2Cl2 (30 mL) was added to give a dark red solution. A mixture of 
bis(perfluorophenyl)mercury (912 mg, 84 mol % purity, 1.5 mmol, 2 equiv) and 
(perfluorophenyl)mercury chloride was added. The reaction was stirred at room temperature 
under argon for 2 h, and solvent was evaporated to give a dark orange semi-solid. This material 
was brought into a drybox and stirred vigorously in Et2O (20 mL) for 10 min. The resulting 
orange powder was collected by filtration (15 mL size, medium-porosity fritted funnel), rinsed 
with Et2O (15 mL), dried in vacuo to give (46)Pd(C6F5)Cl as an orange powder. 
 
Data for (46)Pd(C6F5)Cl: 
 1H NMR:      (500 MHz, CDCl3) 
  7.20 (br s, 1 H), 6.96 (br s, 1 H), 3.47 – 3.43 (m, 4 H), 2.90 – 2.87 (m, 4 H), 1.84 
– 1.79 (m, 4 H), 1.60 – 1.55 (m, 2 H), 1.35 – 1.31 (m, 2 H), 1.27 – 1.20 (m, 4 H). 
19F NMR:  (470 MHz, CDCl3) 
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  –120.69 (d, J = 23.5 Hz, o-F), –161.29 (d, J = 20.0 Hz, p-F), –164.78 (d, J = 21.6 
Hz, m-F), 
 
Characterization of Side Product 97 from the Attempted Preparation of Aminoazepine 96 
from Various Methods [TC-17-33] 
 
Data for 97: 
 1H NMR:      (500 MHz, CDCl3) 
  7.97 – 7.88 (m, 6 H), 7.57 (d, J = 8.5 Hz, 1 H), 7.45 – 7.37 (m, 2 H), 7.23 – 7.18 
(m, 2 H), 7.08 (d, J = 8.5 Hz, 1 H), 7.02 (d, J = 8.5 Hz, 1 H), 6.31 (dd, J = 17.6, 
11.1 Hz, 1 H), 5.79 (d, J = 17.5 Hz, 1 H), 5.06 (d, J = 11.1 Hz, 1 H), 2.33 (q, J = 
7.6 Hz, 2 H), 1.01 (t, J = 7.6 Hz, 3 H). 
 
4.3.14 Miscellaneous Preparations 
1,4-Dicyclohexylbutane-1,4-diol (101) [TC-23-27] 
 
 To an oven-dried, 10-mL Schlenk reaction flask equipped with a stir-bar and a septum 
was added 1,4-dicyclohexylbutane-1,4-dione 100 (105 mg, 0.4 mmol, 1 equiv). After two cycles 
of evacuation/argon fill, EtOH (2 mL) was added. The flask was cooled to 0 °C and sodium 
borohydride (48 mg, 1.2 mmol, 3 equiv) was added in one portion by temporary removal of the 
septum under a slight positive argon pressure. The ice/water bath was removed. Within 0.5 h, 
lots of white precipitates formed. After stirring at room temperature for 3 h, the reaction mixture 
was cooled to 0 °C, and carefully quenched with HCl (1 M, 3 mL). When bubbling stopped, a 
solution of NaOH (3 M, 6 mL) was added. After stirring vigorously for 0.5 h, the aqueous layer 
was extracted with EtOAc (15 mL × 3), dried over Na2SO4, filtered and concentrated. Trituration 
with hexane (× 2) followed by concentration provided 105 mg (98%) of 101 as a white solid. 
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Data for 101: 
 1H NMR:      (500 MHz, CDCl3)   
3.44 (m, 2 H), 2.10 (br s, 2 H), 1.90 – 0.95 (m, 26 H). 
 
Mosher’s Diester of Racemic 1,4-Dicyclohexylbutane-1,4-diol (102) [TC-23-30] 
 
 To an oven-dried, 1-mL Schlenk reaction flask, equipped with a stir-bar, an argon gas 
inlet adaptor and a septum was added 1,4-dicyclohexylbutane-1,4-diol (101) (2.1 mg, 8.2 µmol, 
1 equiv) and dimethylaminopyridine (0.2 mg, 1.65 µmol, 0.2 equiv). After two cycles of 
evacuation/argon fill, pyridine (85 µL) and (R)-(−)-α-methoxy-α-(trifluoromethyl)phenylacetyl 
chloride (99:1 er, 3.3 µL, 17 µmol, 2.05 equiv) were added. Under a slight positive argon 
pressure, the septum was replaced with a PTFE valve and the flask was sealed. After heating at 
65 °C for 3 h, the flask was cooled to room temperature. The content was taken up with 
dichloromethane (1 mL), and washed with HCl (1 M, 1 mL). The aqueous layer was extracted 
further with dichloromethane (1 mL). The combined organic layer was washed with a saturated 
solution of NaHCO3 (1.5 mL), dried over Na2SO4, filtered and concentrated. Purification by a 
pipette column (SiO2, 0.6 × 4.5 cm, hexane/EtOAc, 19/1) afforded 4.0 mg (70%) of 102 as a 
colorless film. The 1H NMR signals of OCH3 and 
19F NMR signals of CF3 are not sufficiently 
resolved in CDCl3 at room temperature.  
 
Data for 102: 
 1H NMR:      (500 MHz, CDCl3)   
7.56 – 7.50 (m, 4 H), 7.41 – 7.35 (m, 6 H), 4.95 – 4.79 (m, 2 H), 3.54, 3.52, 3.51 
(s, 6 H, OCH3), 1.75 – 1.00 (m, 26 H). 
19F NMR:  (470 MHz, CDCl3) 
  −71.31, −71.32, −71.36 
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 HPLC: (S,S) or (R,R)-102, 11.4 min (35%); (S,S) or (R,R)-102, 13.0 min (35%); meso-
102, 19.7 min (30%); 
  (CHIRALPAK AD-H, 1% i-PrOH in hexanes, 1 mL/min, 220 nm, 22 °C) 
 
Attempted Stereoselective Double Reduction of 1,4-Dicyclohexylbutane-1,4-dione [TC-23-
44][TC-23-45] 
 
 To an oven-dried, 5 mL, one-necked, round-bottom flask equipped with a stir-bar, and an 
argon inlet adaptor with a septum, was added (S)-(−)-α,α-diphenyl-2-pyrrolidinemethanol (10.2 
mg, 40 µmol, 0.2 equiv). After two cycles of evacuation/argon fill, THF (250 µL) and trimethyl 
borate (5.8 µL, 53 µmol, 0.2 equiv) were added. The colorless solution was stirred at room 
temperature for 1 h and borane dimethylsulfide (40 µL, 0.42 mmol, 2.1 equiv) was added. A 
solution of 1,4-dicyclohexylbutane-1,4-dione (50.1 mg, 0.2 mmol, 1 equiv) in THF (0.5 mL) was 
added over a period of 2 minutes and stirred for 1 h at 21 °C. The reaction was cooled to 0 °C 
and quenched slowly with HCl (1 M, 4 mL) which resulted in the formation of white solid. The 
aqueous phase was extracted with EtOAc (5 mL × 3), dried over Na2SO4, filtered and 
concentrated to give 45 mg of 101 as a white solid. The crude material was derivatized with 
Mosher’s acid chloride without further purification. The spectroscopic data matched those from 
the literature.211 
 
Data for 101: 
 1H NMR:      (500 MHz, CDCl3)   
3.41 – 3.34 (m, 2 H), 2.07 (br s, 2 H), 1.90 – 0.95 (m, 26 H). 
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Mosher’s Diester of Enantioenriched 1,4-Dicyclohexylbutane-1,4-diol 
 
 To an oven-dried, 1-mL Schlenk reaction flask, equipped with a stir-bar, an argon gas 
inlet adaptor and a septum was added 1,4-dicyclohexylbutane-1,4-diol 101 (4.02 mg, 16 µmol, 1 
equiv) (x) and dimethylaminopyridine (0.38 mg, 3.2 µmol, 0.2 equiv). After two cycles of 
evacuation/argon fill, pyridine (160 µL) and (R)-(−)-α-methoxy-α-(trifluoromethyl)phenylacetyl 
chloride (99:1 er, 6.8 µL, 17 µmol, 2.05 equiv) were added. Under a slight positive argon 
pressure, the septum was replaced with a PTFE valve and the flask was sealed. After heating at 
65 °C for 18 h, the flask was cooled to room temperature. The content was taken up with 
dichloromethane (1.5 mL), and then washed with HCl (1 M, 1 mL). The aqueous layer was 
extracted further with dichloromethane (1.5 mL × 2). The combined organic layer was washed 
with a saturated solution of NaHCO3 (2 mL), dried over Na2SO4, filtered and concentrated. The 
crude product was plugged through a pipette column (SiO2, 0.6 × 4.5 cm, hexane/EtOAc, 19/1) 
to afforded 8.7 mg of 102 as a colorless oil. The minor impurities do not interfere with HPLC 
analysis (57:43 er and 85:15 dr). 
 
Data for 102: 
 1H NMR:      (500 MHz, CDCl3)   
7.56 – 7.50 (m, 4 H), 7.41 – 7.35 (m, 6 H), 4.95 – 4.79 (m, 2 H), 3.54, 3.52, 3.51 
(s, 6 H, OCH3), 1.75 – 1.00 (m, 26 H). 
 HPLC: (S,S) or (R,R)-102, 11.1 min (49%); (S,S) or (R,R)-102, 12.6 min (36%); meso-
102, 18.1 min (15%); 
  (CHIRALPAK AD-H, 1% i-PrOH in hexanes, 1 mL/min, 220 nm, 22 °C) 
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4.3.15 Coordinates for Computed Model Complexes 
Low level calculation 
B3LYP/6-31G*//PM6 
 
Figure 23 
P -0.048 0.002 -0.913 
N 1.269 0.002 0.856 
N -1.366 0.002 0.856 
C 0.69 0.002 2.001 
H 1.149 -0.014 2.997 
C -0.786 0.002 2.001 
H -1.24 0 2.999 
C 1.347 0.002 -2.368 
C 3.376 -0.073 -4.336 
C 1.601 1.108 -3.153 
C 2.072 -1.208 -2.589 
C 3.101 -1.248 -3.573 
C 2.634 1.066 -4.14 
H 2.821 1.955 -4.739 
H 4.164 -0.103 -5.082 
C -1.443 0.002 -2.368 
C -3.366 -0.079 -4.443 
C -2.319 1.119 -2.565 
C -1.534 -1.087 -3.202 
C -2.501 -1.131 -4.243 
C -3.287 1.077 -3.609 
H -0.849 -1.926 -3.09 
H -2.543 -2.011 -4.883 
H -4.105 -0.106 -5.237 
N -2.727 -0.099 0.901 
C -3.498 -0.832 -0.155 
C -4.942 -0.33 0.048 
C -5.059 0.056 1.529 
C -3.619 0.336 2.032 
H -3.142 -0.555 -1.179 
H -5.122 0.549 -0.603 
H -5.689 -1.085 -0.248 
H -5.51 -0.763 2.116 
H -5.715 0.933 1.664 
H -3.41 -0.316 2.923 
N 2.633 0.069 0.884 
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C 3.542 -0.503 1.934 
C 4.971 -0.162 1.436 
C 4.824 0.352 -0.004 
C 3.385 0.892 -0.118 
H 3.353 0.023 2.908 
H 5.424 0.608 2.085 
H 5.638 -1.041 1.481 
H 4.971 -0.469 -0.733 
H 5.577 1.118 -0.253 
H 2.985 0.723 -1.152 
C -3.298 -2.335 0.029 
C -2.817 -5.093 0.31 
C -4.294 -3.182 0.533 
C -2.054 -2.884 -0.325 
C -1.815 -4.252 -0.187 
C -4.054 -4.554 0.67 
H -5.264 -2.783 0.821 
H -1.255 -2.23 -0.711 
H -0.847 -4.663 -0.469 
H -4.837 -5.203 1.058 
H -2.632 -6.16 0.414 
C -3.434 1.789 2.413 
C -3.228 4.474 3.188 
C -3.609 2.809 1.469 
C -3.148 2.117 3.746 
C -3.047 3.457 4.131 
C -3.506 4.148 1.856 
H -3.826 2.549 0.43 
H -3.011 1.334 4.489 
H -2.829 3.708 5.167 
H -3.648 4.937 1.12 
H -3.155 5.516 3.49 
C 3.367 -1.996 2.118 
C 3.216 -4.765 2.524 
C 3.138 -2.508 3.404 
C 3.504 -2.875 1.036 
C 3.432 -4.255 1.24 
C 3.064 -3.889 3.604 
H 3.025 -1.835 4.252 
H 3.663 -2.474 0.03 
H 3.549 -4.932 0.396 
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H 2.89 -4.283 4.604 
H 3.166 -5.84 2.683 
C 3.215 2.368 0.238 
C 2.764 5.065 0.901 
C 1.954 2.955 0.033 
C 4.245 3.148 0.777 
C 4.021 4.49 1.104 
C 1.73 4.292 0.363 
H 1.135 2.353 -0.4 
H 5.232 2.72 0.946 
H 4.83 5.087 1.519 
H 0.747 4.732 0.201 
H 2.589 6.107 1.159 
C 3.822 -2.465 -3.79 
H 4.612 -2.474 -4.537 
C 3.509 -3.595 -3.078 
H 4.044 -4.527 -3.245 
C 2.467 -3.567 -2.106 
H 2.229 -4.481 -1.569 
C 1.777 -2.405 -1.861 
H 0.983 -2.367 -1.103 
C 0.802 2.366 -3.024 
H -0.075 2.33 -3.689 
H 1.379 3.263 -3.273 
H 0.413 2.491 -1.996 
C -2.254 2.28 -1.734 
H -1.513 2.289 -0.925 
C -3.096 3.346 -1.943 
H -3.036 4.237 -1.325 
C -4.064 3.3 -2.988 
H -4.72 4.156 -3.13 
C -4.162 2.196 -3.797 
H -4.897 2.151 -4.597 
 
High Level Calculation38 
M06/SDD–6-311+G(d,p)/SMD(toluene)//B3LYP/SDD–6-31G(d) 
 
Figure 28 
TS-A 
   Pd -0.00468 -0.35009 -0.43536 
N -1.32456 0.425692 1.338003 
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N 1.374031 0.975737 0.898238 
C -0.66644 1.251275 2.10201 
H -1.16059 1.872577 2.845697 
C 0.764874 1.389388 1.972903 
H 1.297196 1.854344 2.799609 
C -0.97659 -1.4323 -1.94682 
C -3.49856 -2.04668 -3.19651 
C -1.52222 -2.73892 -1.90927 
C -1.75624 -0.40047 -2.64816 
C -3.02133 -0.71516 -3.25167 
C -2.7613 -3.00622 -2.54715 
H -3.13617 -4.02716 -2.51393 
H -4.44611 -2.29521 -3.66848 
C 0.868598 -1.34116 -2.09948 
C 3.181959 -2.16002 -3.62473 
C 1.845197 -2.28249 -1.54424 
C 1.168827 -0.83398 -3.37367 
C 2.290017 -1.2349 -4.12205 
C 2.989449 -2.68598 -2.32338 
H 0.48554 -0.13844 -3.84373 
H 2.434304 -0.81387 -5.11468 
H 4.042175 -2.48291 -4.20617 
N 2.714622 1.050417 0.796194 
C 3.327174 1.007934 -0.5376 
C 4.816089 0.869611 -0.15962 
C 4.946044 1.766886 1.082296 
C 3.598745 1.589312 1.83998 
H 2.963625 0.1184 -1.05718 
H 5.030678 -0.17502 0.090723 
H 5.481543 1.173207 -0.97154 
H 5.056347 2.812902 0.777381 
H 5.79909 1.506616 1.713796 
H 3.23936 2.576655 2.173012 
N -2.66667 0.375982 1.386367 
C -3.5123 1.260383 2.199724 
C -4.91226 0.597151 2.064475 
C -4.81399 -0.25402 0.788151 
C -3.368 -0.7893 0.837967 
H -3.19855 1.230059 3.255555 
H -5.09438 -0.04855 2.930253 
H -5.70819 1.344872 2.024691 
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H -4.94055 0.367593 -0.10486 
H -5.55516 -1.05637 0.757625 
H -2.97936 -0.99013 -0.1635 
C 3.052656 2.231702 -1.41057 
C 2.663091 4.458991 -3.09059 
C 2.532164 3.427815 -0.903 
C 3.366183 2.16477 -2.77657 
C 3.177022 3.267136 -3.60905 
C 2.338484 4.533627 -1.73624 
H 2.256906 3.497953 0.144608 
H 3.748587 1.234723 -3.19014 
H 3.42418 3.193977 -4.66511 
H 1.930862 5.452564 -1.32251 
C 3.701229 0.69001 3.068342 
C 4.022857 -0.91969 5.350436 
C 3.580147 -0.70197 2.977164 
C 3.978709 1.265002 4.315704 
C 4.142314 0.468184 5.449613 
C 3.739458 -1.49962 4.112281 
H 3.347889 -1.1597 2.019873 
H 4.067942 2.34682 4.399994 
H 4.357305 0.931176 6.40926 
H 3.639372 -2.57863 4.026851 
C -3.48052 2.71562 1.739409 
C -3.56138 5.408303 0.936363 
C -3.74981 3.730624 2.667271 
C -3.24378 3.065063 0.404363 
C -3.2838 4.403445 0.007664 
C -3.79446 5.067784 2.27074 
H -3.92742 3.471568 3.709768 
H -3.01136 2.293208 -0.32343 
H -3.09387 4.656887 -1.03195 
H -4.00577 5.842173 3.003714 
C -3.24251 -2.06024 1.678199 
C -3.12057 -4.44317 3.175067 
C -2.69129 -2.06867 2.9644 
C -3.7254 -3.26671 1.148875 
C -3.66766 -4.44684 1.888885 
C -2.63066 -3.2512 3.708024 
H -2.29072 -1.15249 3.386784 
H -4.13791 -3.27884 0.142785 
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H -4.04484 -5.37168 1.459799 
H -2.19709 -3.23688 4.704818 
C -3.78754 0.304928 -3.88253 
H -4.74124 0.027611 -4.32697 
C -3.34431 1.605466 -3.93549 
H -3.94062 2.372406 -4.42329 
C -2.09937 1.933902 -3.35318 
H -1.72991 2.955268 -3.39651 
C -1.33749 0.962647 -2.73348 
H -0.38809 1.248085 -2.29009 
C -0.86184 -3.93409 -1.26115 
H 0.093419 -4.18116 -1.73648 
H -1.51123 -4.81119 -1.34715 
H -0.66267 -3.78111 -0.1973 
C 1.784541 -2.76515 -0.20342 
H 0.953331 -2.44314 0.417975 
C 2.738542 -3.60989 0.323466 
H 2.641236 -3.95997 1.348119 
C 3.832692 -4.03286 -0.46755 
H 4.577982 -4.70715 -0.0533 
C 3.947892 -3.57651 -1.759 
H 4.79262 -3.8764 -2.37574 
H -3.07251 -5.36268 3.752315 
H -3.59108 6.449075 0.624896 
H 2.512234 5.318153 -3.73882 
H 4.145022 -1.5432 6.232082 
 
 
Figure 28 
TS-A' 
   Pd -0.12538 -0.34414 -0.22986 
N -1.30232 1.436619 0.670351 
N 1.477701 1.229498 0.560172 
C -0.52452 2.319517 1.231894 
H -0.90271 3.272532 1.595214 
C 0.893156 2.078902 1.357337 
H 1.43804 2.64569 2.109888 
C -1.04133 -2.20763 -0.64169 
C -2.89889 -4.41243 -0.60879 
C -2.03349 -2.38948 -1.71591 
C -1.35711 -2.91396 0.560564 
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C -2.22352 -4.03255 0.526558 
C -2.88972 -3.54202 -1.73154 
H -3.51453 -5.30822 -0.62743 
C 0.612158 -2.06984 -1.22048 
C 2.862905 -2.77385 -2.91546 
C 0.777889 -1.61416 -2.54652 
C 1.683445 -2.95108 -0.73071 
C 2.788574 -3.2913 -1.59703 
C 1.870079 -1.93969 -3.3696 
H 3.702116 -3.05384 -3.54786 
N 2.785238 0.952029 0.685584 
C 3.501041 0.405335 -0.4731 
C 4.821043 -0.03437 0.191812 
C 5.079114 1.078053 1.223169 
C 3.666324 1.48336 1.736062 
H 2.937759 -0.45015 -0.85391 
H 4.674101 -1.00099 0.685245 
H 5.636949 -0.13706 -0.52783 
H 5.547845 1.938568 0.734159 
H 5.727441 0.760879 2.04371 
H 3.599569 2.58249 1.777183 
N -2.58903 1.743271 0.406489 
C -3.19245 3.070383 0.587393 
C -4.70074 2.786997 0.330833 
C -4.71736 1.472272 -0.4652 
C -3.55834 0.670482 0.163364 
H -3.06533 3.420335 1.624453 
H -5.21373 2.649899 1.288546 
H -5.18046 3.616109 -0.19513 
H -4.50052 1.657344 -1.52326 
H -5.6732 0.947247 -0.39656 
H -3.12655 -0.03626 -0.54963 
C 3.721578 1.400816 -1.61291 
C 4.240455 3.166561 -3.74672 
C 3.491932 2.7747 -1.47686 
C 4.206946 0.923288 -2.83991 
C 4.466293 1.795461 -3.89616 
C 3.749374 3.651385 -2.53503 
H 3.09315 3.167777 -0.54724 
H 4.368624 -0.144 -2.96825 
H 4.840338 1.404307 -4.83902 
384 
 
H 3.56158 4.71464 -2.40857 
H 4.440134 3.847694 -4.56973 
C 3.336971 0.941856 3.123428 
C 2.866184 -0.04293 5.714321 
C 2.87187 -0.36586 3.312497 
C 3.558525 1.749163 4.246538 
C 3.328644 1.262132 5.534221 
C 2.637832 -0.853 4.599832 
H 2.682131 -0.99847 2.450026 
H 3.914761 2.769118 4.111837 
H 3.505153 1.903144 6.394127 
H 2.273593 -1.86864 4.730569 
H 2.68125 -0.42422 6.714996 
C -2.60812 4.133117 -0.34059 
C -1.66694 6.154833 -2.05278 
C -2.68189 5.480853 0.03593 
C -2.04888 3.80946 -1.58225 
C -1.58026 4.813927 -2.43171 
C -2.21989 6.486538 -0.81382 
H -3.10669 5.745352 1.002831 
H -1.96438 2.766654 -1.87359 
H -1.14192 4.54528 -3.38923 
H -2.28655 7.526889 -0.50608 
H -1.30104 6.935237 -2.71458 
C -3.99359 -0.09566 1.411224 
C -4.9234 -1.53071 3.647962 
C -4.66751 -1.31509 1.250893 
C -3.78099 0.386256 2.7082 
C -4.24348 -0.3247 3.819528 
C -5.13055 -2.02582 2.357518 
H -4.81398 -1.7192 0.25214 
H -3.23593 1.313509 2.857687 
H -4.06673 0.064911 4.818886 
H -5.64385 -2.97258 2.211814 
H -5.2814 -2.08529 4.51131 
C 3.828504 -4.14282 -1.13128 
H 4.63957 -4.37666 -1.8178 
C 1.724292 -3.52131 0.568812 
H 0.927444 -3.31739 1.257221 
C 3.822594 -4.66161 0.141805 
H 4.625487 -5.31097 0.480708 
385 
 
C 2.748684 -4.34289 0.997835 
H 2.717148 -4.75255 2.004475 
C -2.25017 -1.4268 -2.73625 
H -1.73416 -0.47408 -2.66947 
C -3.7795 -3.74611 -2.81953 
H -4.39462 -4.64373 -2.81771 
C -3.90595 -2.81727 -3.83005 
H -4.60305 -2.9824 -4.64743 
C -3.15596 -1.62547 -3.76401 
H -3.29781 -0.85121 -4.51402 
H 1.911651 -1.5234 -4.37305 
H 0.021191 -0.99202 -2.99337 
H -2.35484 -4.60191 1.445469 
C -0.93651 -2.44419 1.940045 
H -1.7737 -1.89881 2.394492 
H -0.69598 -3.27931 2.613125 
H -0.09913 -1.73801 1.913663 
 
 
Figure 28 
TS-B 
   Pd 0.044627 -0.12467 0.528846 
N -1.28934 -0.37067 -1.39176 
N 1.128681 0.999313 -1.19869 
C -0.66883 0.068542 -2.45176 
H -0.96748 -0.21221 -3.45953 
C 0.444399 0.97251 -2.30896 
H 0.670233 1.631291 -3.1448 
C -0.73046 -0.73377 2.394741 
C -3.04528 -1.06263 4.088584 
C -1.21735 -2.01898 2.752594 
C -1.51301 0.421953 2.868337 
C -2.65142 0.247999 3.723155 
C -2.35619 -2.1403 3.591209 
H -2.68001 -3.1435 3.86048 
H -3.89934 -1.20151 4.747231 
C 1.061482 -0.54269 2.366244 
C 3.461109 -0.82988 3.954273 
C 2.042658 -1.5948 2.074876 
C 1.437055 0.366106 3.372582 
C 2.6049 0.232042 4.144776 
386 
 
C 3.209195 -1.74961 2.905696 
H 0.764728 1.171291 3.638577 
H 2.802169 0.962817 4.925994 
H 4.343488 -0.96136 4.576066 
N 2.060653 1.952875 -1.00234 
C 3.118167 1.731424 -0.01149 
C 3.650995 3.169955 0.153054 
C 3.591799 3.724635 -1.28012 
C 2.309732 3.091772 -1.8974 
H 2.658159 1.358857 0.908902 
H 2.982914 3.733862 0.814031 
H 4.658615 3.197866 0.57498 
H 4.469369 3.392338 -1.84421 
H 3.557305 4.816186 -1.3184 
H 2.539147 2.74571 -2.91805 
N -2.2732 -1.28379 -1.50599 
C -2.6986 -1.90761 -2.76778 
C -4.03008 -2.60647 -2.36477 
C -3.97761 -2.69637 -0.8302 
C -3.26262 -1.39027 -0.42698 
H -2.91392 -1.13972 -3.52806 
H -4.87524 -1.98217 -2.67265 
H -4.13475 -3.58044 -2.84924 
H -3.37518 -3.55528 -0.5135 
H -4.96861 -2.78594 -0.37849 
H -2.72865 -1.49907 0.521418 
C 4.212242 0.758649 -0.45153 
C 6.329982 -0.94213 -1.19212 
C 4.352818 0.327258 -1.77543 
C 5.140805 0.313241 0.500177 
C 6.190881 -0.52752 0.134887 
C 5.404402 -0.51626 -2.14418 
H 3.63015 0.635543 -2.52458 
H 5.028286 0.614813 1.539005 
H 6.895411 -0.86768 0.889183 
H 5.495154 -0.84168 -3.1775 
H 7.147107 -1.59936 -1.47764 
C 1.133247 4.060221 -1.98657 
C -0.94258 5.947623 -2.17452 
C 0.213752 4.212264 -0.94239 
C 0.995354 4.860425 -3.12865 
387 
 
C -0.03056 5.801581 -3.22226 
C -0.81875 5.147578 -1.03714 
H 0.296441 3.580613 -0.06317 
H 1.698491 4.746079 -3.95194 
H -0.12115 6.415005 -4.11502 
H -1.53137 5.243543 -0.22224 
H -1.74721 6.674347 -2.24743 
C -1.65721 -2.86 -3.34751 
C 0.154801 -4.69622 -4.46686 
C -1.6035 -3.0575 -4.73344 
C -0.78695 -3.58981 -2.52881 
C 0.112947 -4.501 -3.08485 
C -0.7075 -3.97054 -5.2914 
H -2.26997 -2.49147 -5.38204 
H -0.80761 -3.4297 -1.45473 
H 0.783959 -5.05757 -2.43565 
H -0.67952 -4.11044 -6.36892 
H 0.857085 -5.40428 -4.89841 
C -4.22483 -0.20826 -0.31871 
C -6.10219 1.87512 -0.06562 
C -4.99689 -0.07535 0.844407 
C -4.39919 0.725778 -1.34664 
C -5.33128 1.759691 -1.22206 
C -5.92807 0.954408 0.97073 
H -4.85201 -0.77552 1.663618 
H -3.79369 0.662831 -2.24543 
H -5.44926 2.476714 -2.03063 
H -6.51019 1.044592 1.884046 
H -6.82528 2.680488 0.032922 
C -3.39067 1.377386 4.170748 
H -4.24427 1.204744 4.823074 
C -3.05101 2.654077 3.789012 
H -3.62742 3.507084 4.137712 
C -1.94598 2.844276 2.931573 
H -1.67105 3.847164 2.614553 
C -1.20854 1.762819 2.492121 
H -0.36862 1.933774 1.824403 
C -0.57729 -3.33232 2.36224 
H -1.21644 -4.16451 2.675619 
H 0.399971 -3.47008 2.838287 
H -0.41799 -3.4275 1.284996 
388 
 
C 1.96181 -2.43935 0.931247 
H 1.131724 -2.2897 0.246052 
C 2.900939 -3.41054 0.658442 
H 2.799027 -4.02494 -0.2324 
C 3.995275 -3.60772 1.530491 
H 4.725582 -4.38586 1.323624 
C 4.140989 -2.78888 2.62518 
H 4.997323 -2.90097 3.287074 
 
 
Figure 28 
TS-B' 
   Pd 0.043224 0.395472 0.001118 
N -1.3641 -1.503 0.270455 
N 1.400494 -1.46718 -0.12152 
C -0.653 -2.58911 0.372976 
H -1.06885 -3.52816 0.732769 
C 0.739818 -2.58505 -0.0057 
H 1.201458 -3.54997 -0.20069 
C -0.90027 2.244279 0.367157 
C -3.17184 3.203648 1.867875 
C -1.91055 3.077764 -0.27485 
C -1.05629 2.0415 1.75122 
C -2.17864 2.484402 2.485184 
C -3.04953 3.531116 0.492384 
H -4.04277 3.551955 2.41809 
C 0.870918 2.260413 -0.469 
C 2.781797 3.929267 -1.83055 
C 0.998609 2.256861 -1.88091 
C 1.814691 3.084905 0.279191 
C 2.741227 3.941987 -0.4139 
C 1.952471 3.087218 -2.52588 
H 3.483476 4.578548 -2.34896 
N 2.669956 -1.47535 -0.58349 
C 3.552433 -0.34498 -0.26855 
C 4.727403 -0.63983 -1.22237 
C 4.858179 -2.17002 -1.14243 
C 3.395798 -2.68598 -0.99879 
H 3.035461 0.581309 -0.53328 
H 4.461694 -0.32457 -2.23754 
H 5.643998 -0.12227 -0.92942 
389 
 
H 5.431013 -2.4488 -0.25201 
H 5.352978 -2.60596 -2.01378 
H 3.361058 -3.44944 -0.20476 
N -2.64536 -1.47711 0.669623 
C -3.35904 -2.6118 1.270809 
C -4.84192 -2.14865 1.204202 
C -4.76451 -0.61985 1.060727 
C -3.52183 -0.40903 0.171036 
H -3.23388 -3.51444 0.651138 
H -5.31864 -2.58323 0.319184 
H -5.404 -2.47087 2.084353 
H -4.59643 -0.14611 2.034013 
H -5.66757 -0.18992 0.620598 
H -3.04677 0.552155 0.378358 
C 4.003475 -0.2665 1.19058 
C 4.965531 -0.07118 3.830555 
C 3.771747 -1.29277 2.11402 
C 4.712699 0.866833 1.614286 
C 5.192385 0.963747 2.919533 
C 4.249058 -1.1967 3.42448 
H 3.201685 -2.16819 1.820232 
H 4.875358 1.688879 0.921339 
H 5.733928 1.854204 3.227419 
H 4.056994 -2.00442 4.126309 
H 5.337269 0.004056 4.849089 
C 2.846618 -3.31539 -2.27561 
C 1.970899 -4.519 -4.66136 
C 2.246996 -2.54802 -3.28092 
C 2.996711 -4.69369 -2.47842 
C 2.566438 -5.29295 -3.66305 
C 1.810609 -3.1459 -4.4647 
H 2.109911 -1.48221 -3.12499 
H 3.455405 -5.3033 -1.70176 
H 2.691489 -6.36352 -3.80334 
H 1.341302 -2.53658 -5.23266 
H 1.629904 -4.98333 -5.58276 
C -2.88139 -2.94123 2.68248 
C -2.1265 -3.58673 5.312506 
C -3.03056 -4.24673 3.169139 
C -2.34237 -1.96319 3.526956 
C -1.9668 -2.28524 4.832908 
390 
 
C -2.66045 -4.56896 4.4754 
H -3.4407 -5.018 2.519346 
H -2.20432 -0.95304 3.152233 
H -1.54504 -1.51661 5.475398 
H -2.78359 -5.58672 4.836591 
H -1.83236 -3.83544 6.328629 
C -3.83946 -0.48936 -1.32083 
C -4.53838 -0.56753 -4.04736 
C -3.65405 -1.65546 -2.07323 
C -4.37091 0.642096 -1.95733 
C -4.71968 0.603531 -3.30702 
C -4.00139 -1.69542 -3.42638 
H -3.21845 -2.53571 -1.61021 
H -4.50232 1.563318 -1.39517 
H -5.12361 1.493735 -3.78196 
H -3.84723 -2.60972 -3.99395 
H -4.80643 -0.59721 -5.10022 
C -4.05847 4.319115 -0.12863 
H -4.90407 4.635961 0.478452 
C -1.84953 3.527645 -1.62314 
H -0.97864 3.295378 -2.21209 
C -2.83668 4.30302 -2.19504 
H -2.72879 4.62923 -3.22633 
C -3.96976 4.692755 -1.44921 
H -4.74606 5.301902 -1.90506 
H -2.24606 2.242674 3.543787 
H -0.32186 1.462075 2.29889 
C 1.899479 3.089262 1.6985 
H 1.270709 2.422507 2.265276 
C 3.63008 4.775425 0.318552 
H 4.305544 5.420027 -0.24034 
C 3.64753 4.770064 1.69431 
H 4.329845 5.415706 2.241346 
C 2.77519 3.903363 2.387122 
H 2.798574 3.86521 3.473081 
H 2.01084 3.0516 -3.61256 
C 0.207394 1.344485 -2.80758 
H -0.02412 1.849854 -3.75579 
H 0.790991 0.449503 -3.05891 
H -0.72803 0.993792 -2.36254 
 
 
391 
 
Figure 28 
TS-C 
   Pd -0.08682 -0.13758 -0.55313 
N 1.272906 0.89693 1.088043 
N -1.42999 1.361873 0.599534 
C 0.525384 1.530204 1.94992 
H 0.867559 1.769589 2.95493 
C -0.79199 1.969569 1.561387 
H -1.20916 2.832656 2.076358 
C 0.878194 -1.36885 -1.94906 
C 3.271043 -1.80571 -3.50492 
C 1.29049 -0.47235 -2.97931 
C 1.787027 -2.47906 -1.64818 
C 2.966566 -2.69577 -2.44721 
C 2.462657 -0.71743 -3.72854 
H 2.727215 -0.00497 -4.50819 
H 4.153668 -1.98339 -4.1148 
C -0.87321 -1.71875 -1.83233 
C -3.06602 -3.36603 -2.75769 
C -1.581 -2.62356 -0.91859 
C -1.40511 -1.64863 -3.13068 
C -2.47926 -2.43481 -3.58396 
C -2.6395 -3.46882 -1.4105 
H -0.91774 -1.02415 -3.86806 
H -2.80642 -2.33065 -4.61604 
H -3.86339 -4.0139 -3.11373 
N -2.57094 1.887174 0.109502 
C -3.50087 1.032052 -0.63168 
C -4.34235 2.100062 -1.3619 
C -4.47491 3.210858 -0.30662 
C -3.1059 3.215725 0.435918 
H -2.92385 0.41579 -1.32871 
H -3.79331 2.463097 -2.23826 
H -5.31004 1.716542 -1.6946 
H -5.27197 2.959036 0.400542 
H -4.69985 4.189762 -0.73707 
H -3.28748 3.313446 1.518187 
N 2.480969 0.425001 1.44029 
C 3.041414 0.458732 2.79881 
C 4.529741 0.074891 2.555015 
C 4.543087 -0.60064 1.172645 
392 
 
C 3.470843 0.18067 0.385328 
H 2.997541 1.478878 3.212744 
H 5.139233 0.984568 2.532361 
H 4.913512 -0.56843 3.350791 
H 4.242403 -1.65114 1.246964 
H 5.52432 -0.55867 0.693367 
H 3.00775 -0.44379 -0.38267 
C -4.3647 0.121691 0.241633 
C -6.08091 -1.51683 1.756164 
C -5.12639 -0.88161 -0.37433 
C -4.46389 0.280107 1.628376 
C -5.31649 -0.53215 2.381045 
C -5.97816 -1.69258 0.373874 
H -5.03841 -1.03824 -1.4471 
H -3.8618 1.031293 2.130368 
H -5.37838 -0.3944 3.457645 
H -6.55537 -2.46888 -0.1214 
H -6.74337 -2.14975 2.340706 
C -2.18971 4.360337 0.01065 
C -0.62785 6.554592 -0.79664 
C -1.31999 4.250549 -1.08082 
C -2.2608 5.579934 0.696735 
C -1.49041 6.672039 0.29542 
C -0.54337 5.3401 -1.48022 
H -1.23729 3.303015 -1.60484 
H -2.92693 5.675797 1.552521 
H -1.55965 7.610962 0.838694 
H 0.133302 5.235684 -2.32421 
H -0.02179 7.401087 -1.10817 
C 2.313248 -0.47046 3.765022 
C 1.086207 -2.2012 5.61045 
C 2.203535 -0.11477 5.115153 
C 1.796671 -1.70407 3.347849 
C 1.187349 -2.5624 4.264979 
C 1.597363 -0.97304 6.034217 
H 2.596368 0.843544 5.450827 
H 1.863857 -1.98665 2.301184 
H 0.79002 -3.51538 3.925035 
H 1.519787 -0.67965 7.077947 
H 0.60947 -2.86983 6.322182 
C 4.022426 1.442934 -0.27574 
393 
 
C 5.157308 3.69837 -1.52523 
C 3.907217 2.713672 0.300091 
C 4.705107 1.320837 -1.49534 
C 5.270118 2.435852 -2.11363 
C 4.470263 3.833264 -0.31889 
H 3.359513 2.839392 1.228966 
H 4.779197 0.344841 -1.96866 
H 5.793507 2.320152 -3.05945 
H 4.366776 4.811586 0.143672 
H 5.594774 4.568682 -2.00732 
C 3.836323 -3.78364 -2.16043 
H 4.71148 -3.91764 -2.79298 
C 3.594771 -4.64024 -1.11237 
H 4.271017 -5.46528 -0.90403 
C 2.454357 -4.43012 -0.30808 
H 2.248744 -5.09555 0.526678 
C 1.58682 -3.38886 -0.57428 
H 0.726842 -3.27167 0.063273 
C 0.573525 0.821469 -3.3446 
H -0.39844 0.92386 -2.85729 
H 0.434216 0.904609 -4.4323 
H 1.180215 1.681912 -3.03384 
C -1.34606 -2.66644 0.486841 
H -0.61861 -1.9747 0.906088 
C -2.02532 -3.51902 1.331203 
H -1.81078 -3.50284 2.396603 
C -3.00129 -4.40211 0.817707 
H -3.52519 -5.08512 1.481369 
C -3.29955 -4.36571 -0.52319 
H -4.07428 -5.01066 -0.93268 
 
 
Figure 28 
TS-C' 
   Pd 0.017225 -0.26716 -0.44957 
N 1.54093 1.236518 0.389592 
N -1.23502 1.485369 0.524564 
C 0.973105 2.255208 0.974242 
H 1.540453 2.971339 1.563542 
C -0.45072 2.465025 0.874033 
H -0.82709 3.459308 1.105917 
394 
 
C 0.771092 -2.0581 -1.26923 
C 2.824225 -4.06032 -1.57305 
C 1.431027 -2.26472 -2.50561 
C 1.258325 -2.8368 -0.12599 
C 2.283098 -3.83207 -0.28643 
C 2.415323 -3.27951 -2.62653 
H 2.865171 -3.43366 -3.60531 
H 3.58153 -4.8289 -1.7078 
C -1.1071 -1.67319 -1.51915 
C -3.62045 -1.86161 -2.92666 
C -2.07704 -2.70575 -1.16423 
C -1.45818 -0.83575 -2.59555 
C -2.69937 -0.90137 -3.26546 
C -3.32405 -2.78665 -1.89109 
H -0.7672 -0.06901 -2.9202 
H -2.90944 -0.18854 -4.06008 
H -4.57207 -1.93965 -3.44718 
N -2.55339 1.683039 0.360933 
C -3.4543 0.524078 0.393927 
C -4.76676 1.168637 -0.09799 
C -4.73163 2.568939 0.536128 
C -3.23158 2.97844 0.501703 
H -3.08709 -0.21899 -0.3174 
H -4.7488 1.236149 -1.19117 
H -5.64776 0.593117 0.196482 
H -5.06975 2.516359 1.576452 
H -5.35859 3.294949 0.012449 
H -2.96451 3.450394 1.461056 
N 2.852762 0.992515 0.581026 
C 3.721524 1.760548 1.48403 
C 5.136482 1.226436 1.120125 
C 4.875395 -0.12215 0.4303 
C 3.581002 0.141903 -0.366 
H 3.671373 2.83574 1.247937 
H 5.616943 1.917048 0.41893 
H 5.772958 1.143072 2.004464 
H 4.693354 -0.90944 1.169772 
H 5.703315 -0.43558 -0.21022 
H 3.00912 -0.77637 -0.51964 
C -3.59571 -0.13441 1.76494 
C -3.9797 -1.39335 4.254089 
395 
 
C -3.21897 0.502137 2.953664 
C -4.15813 -1.41718 1.840231 
C -4.35101 -2.04047 3.072644 
C -3.40988 -0.12167 4.189725 
H -2.75632 1.48387 2.919705 
H -4.4358 -1.937 0.926653 
H -4.78204 -3.03753 3.107656 
H -3.10843 0.388349 5.101259 
H -4.12645 -1.87998 5.214784 
C -2.8885 3.959645 -0.61595 
C -2.38235 5.817842 -2.66404 
C -2.53218 3.524004 -1.89799 
C -2.98072 5.336207 -0.37123 
C -2.73398 6.260633 -1.38698 
C -2.28001 4.44804 -2.9143 
H -2.43813 2.459427 -2.09206 
H -3.24879 5.687527 0.623765 
H -2.81073 7.324855 -1.17958 
H -1.9996 4.095072 -3.90339 
H -2.18456 6.535156 -3.45604 
C 3.366338 1.585012 2.95815 
C 2.856682 1.279863 5.705764 
C 3.663288 2.616058 3.859329 
C 2.803811 0.399878 3.447883 
C 2.550569 0.250791 4.813077 
C 3.414947 2.465989 5.22432 
H 4.094052 3.544898 3.489005 
H 2.550221 -0.40102 2.759282 
H 2.109806 -0.67351 5.177378 
H 3.652212 3.27604 5.909196 
H 2.657469 1.161058 6.767465 
C 3.85594 0.78581 -1.72527 
C 4.468736 1.894513 -4.24126 
C 3.597603 2.134568 -1.99388 
C 4.418681 -0.00293 -2.74038 
C 4.725001 0.544491 -3.98538 
C 3.901352 2.685453 -3.24271 
H 3.142092 2.759906 -1.23263 
H 4.603976 -1.05834 -2.55443 
H 5.159367 -0.0839 -4.75883 
H 3.691144 3.735151 -3.43173 
396 
 
H 4.704805 2.322349 -5.21197 
C 2.773229 -4.54353 0.845339 
H 3.54243 -5.29577 0.682672 
C 2.308659 -4.28393 2.112634 
H 2.698205 -4.83188 2.966824 
C 1.316222 -3.29267 2.29452 
H 0.934755 -3.08058 3.290146 
C 0.813779 -2.60067 1.211344 
H 0.043564 -1.8501 1.374424 
C 1.171875 -1.46996 -3.76558 
H 0.18807 -1.69106 -4.19858 
H 1.928987 -1.70812 -4.51926 
H 1.220865 -0.39108 -3.58815 
C -1.88326 -3.67687 -0.14402 
H -0.96903 -3.6703 0.425109 
C -2.82063 -4.6474 0.145906 
H -2.61373 -5.36906 0.931956 
C -4.03608 -4.71194 -0.56763 
H -4.77007 -5.47985 -0.33688 
C -4.27345 -3.79464 -1.56491 
H -5.1991 -3.82788 -2.13598 
 
 
Figure 28 
TS-D 
   Pd -0.03627 -0.33933 -0.43958 
N -1.16286 1.457129 0.587544 
N 1.601504 1.132128 0.366923 
C -0.3361 2.386372 0.973841 
H -0.67324 3.378524 1.266493 
C 1.085284 2.135061 1.018498 
H 1.691338 2.815439 1.612611 
C -1.17598 -1.71118 -1.53374 
C -3.66646 -2.09021 -2.93052 
C -1.49699 -0.98033 -2.71021 
C -2.15904 -2.68607 -1.06578 
C -3.39604 -2.87235 -1.78123 
C -2.73888 -1.1773 -3.36386 
H -2.95122 -0.57477 -4.24585 
H -4.60467 -2.23081 -3.46211 
C 0.611795 -2.18703 -1.29927 
397 
 
C 2.725072 -4.10199 -1.77864 
C 1.257155 -2.89507 -0.1893 
C 1.109921 -2.48331 -2.57591 
C 2.137223 -3.41347 -2.81632 
C 2.308048 -3.84832 -0.4487 
H 0.655051 -2.02163 -3.44262 
H 2.447145 -3.59851 -3.84249 
H 3.507846 -4.83467 -1.95921 
N 2.916083 0.858515 0.460145 
C 3.546016 0.033679 -0.57786 
C 4.92229 -0.22918 0.067003 
C 5.244583 1.106416 0.757296 
C 3.871417 1.623604 1.274543 
H 2.971608 -0.88968 -0.68245 
H 4.829403 -1.03527 0.802942 
H 5.678045 -0.51823 -0.6675 
H 5.649165 1.815835 0.027633 
H 5.968145 1.007174 1.570221 
H 3.784887 2.700226 1.05483 
N -2.4765 1.72099 0.457129 
C -3.09545 3.03128 0.705266 
C -4.61332 2.687918 0.724936 
C -4.71424 1.32626 0.01738 
C -3.42853 0.603516 0.468342 
H -2.79994 3.415919 1.694834 
H -4.95118 2.594735 1.762328 
H -5.20779 3.468568 0.243792 
H -4.69869 1.451562 -1.07096 
H -5.61852 0.775688 0.287737 
H -3.10206 -0.13575 -0.26785 
C 3.657036 0.700231 -1.94849 
C 3.970033 1.846294 -4.50249 
C 3.45819 2.071512 -2.14598 
C 4.005764 -0.09144 -3.05322 
C 4.164112 0.474603 -4.31758 
C 3.613328 2.641004 -3.4133 
H 3.162308 2.701388 -1.31295 
H 4.140337 -1.16213 -2.91966 
H 4.433046 -0.15638 -5.16098 
H 3.451908 3.707831 -3.5459 
H 4.090137 2.288548 -5.48792 
398 
 
C 3.674056 1.43518 2.775856 
C 3.451401 1.108037 5.558979 
C 3.172021 0.243128 3.311866 
C 4.056496 2.46192 3.649447 
C 3.950466 2.300992 5.031551 
C 3.061421 0.083089 4.694724 
H 2.854448 -0.55413 2.646056 
H 4.441401 3.396075 3.243731 
H 4.252015 3.10791 5.694478 
H 2.666231 -0.84658 5.096058 
H 3.362827 0.980777 6.634602 
C -2.72136 4.082242 -0.33595 
C -2.16029 6.075705 -2.23789 
C -2.73086 5.436511 0.023467 
C -2.42097 3.737956 -1.65911 
C -2.14123 4.728121 -2.60301 
C -2.45645 6.428109 -0.91935 
H -2.95567 5.717247 1.051029 
H -2.3924 2.689781 -1.94175 
H -1.90436 4.44412 -3.62508 
H -2.46868 7.473791 -0.62293 
H -1.94114 6.845106 -2.97334 
C -3.5921 -0.08425 1.823455 
C -4.02898 -1.38074 4.284878 
C -4.28372 -1.30299 1.87927 
C -3.1123 0.467595 3.017361 
C -3.32928 -0.17497 4.239665 
C -4.50299 -1.94453 3.097509 
H -4.63953 -1.76195 0.960183 
H -2.54986 1.395792 2.99844 
H -2.94708 0.269345 5.155313 
H -5.03505 -2.89197 3.116364 
H -4.19703 -1.88159 5.234712 
C -4.34142 -3.8375 -1.33814 
H -5.2615 -3.95113 -1.90795 
C -4.10319 -4.61945 -0.23122 
H -4.8309 -5.36065 0.089436 
C -2.89628 -4.44853 0.479456 
H -2.69189 -5.05668 1.356793 
C -1.96715 -3.51127 0.075282 
H -1.06264 -3.41469 0.651689 
399 
 
C -0.61702 0.082117 -3.35977 
H -0.51272 -0.10728 -4.43806 
H 0.378949 0.154269 -2.92063 
H -1.07906 1.073246 -3.25981 
C 0.960859 -2.63647 1.18366 
H 0.197232 -1.89683 1.41461 
C 1.609747 -3.2795 2.217497 
H 1.336406 -3.05477 3.24536 
C 2.616957 -4.23443 1.944847 
H 3.121415 -4.74556 2.760844 
C 2.951656 -4.50513 0.639749 
H 3.73179 -5.22803 0.410286 
 
 
Figure 28 
TS-D' 
   Pd -0.03305 -0.20715 -0.48088 
N 1.171294 1.232621 0.981965 
N -1.5292 1.360464 0.296909 
C 0.359687 2.069345 1.56573 
H 0.641677 2.632599 2.452884 
C -0.96838 2.271845 1.04197 
H -1.47083 3.203611 1.291764 
C 1.050327 -1.50545 -1.7368 
C 3.443014 -1.6728 -3.35247 
C 1.371651 -0.58769 -2.75921 
C 2.056549 -2.53805 -1.47453 
C 3.225024 -2.62283 -2.32133 
C 2.545416 -0.65002 -3.53488 
H 2.722501 0.11549 -4.28648 
H 4.3337 -1.75942 -3.97032 
C -0.72968 -1.93137 -1.52426 
C -2.59158 -4.05333 -2.14826 
C -1.17251 -2.89727 -0.50779 
C -1.43108 -1.97798 -2.76094 
C -2.31812 -3.04818 -3.04303 
C -2.06279 -3.97386 -0.83789 
H -2.78621 -3.07112 -4.02524 
H -3.25207 -4.87528 -2.41354 
N -2.72089 1.600883 -0.28775 
C -3.55796 0.466447 -0.69444 
400 
 
C -4.60064 1.188879 -1.57268 
C -4.8291 2.513421 -0.82571 
C -3.43458 2.884323 -0.24126 
H -2.94463 -0.22394 -1.27979 
H -4.17547 1.374686 -2.56558 
H -5.5183 0.607937 -1.69354 
H -5.53821 2.361429 -0.00545 
H -5.21876 3.307543 -1.46739 
H -3.564 3.223568 0.799181 
N 2.368129 0.951934 1.527067 
C 2.850756 1.471206 2.815763 
C 4.345558 1.036364 2.812318 
C 4.426329 -0.07779 1.755103 
C 3.428752 0.396175 0.678841 
H 2.795597 2.571428 2.835074 
H 4.969833 1.883292 2.508991 
H 4.671107 0.713271 3.804166 
H 4.088802 -1.03408 2.169588 
H 5.436402 -0.21163 1.360682 
H 3.01464 -0.44176 0.111063 
C -4.19742 -0.30582 0.457871 
C -5.48962 -1.76498 2.488949 
C -4.71131 -1.58561 0.205032 
C -4.32797 0.224914 1.746611 
C -4.97047 -0.49816 2.755194 
C -5.3531 -2.30882 1.209351 
H -4.58933 -2.02593 -0.78178 
H -3.91168 1.201171 1.976039 
H -5.05952 -0.06972 3.750383 
H -5.73411 -3.30375 0.995691 
H -5.98636 -2.32943 3.273701 
C -2.72339 3.995153 -1.00979 
C -1.53978 6.095958 -2.4559 
C -1.86787 3.724783 -2.0841 
C -2.97153 5.330252 -0.66389 
C -2.38912 6.374762 -1.38271 
C -1.27926 4.768575 -2.80122 
H -1.64986 2.692998 -2.344 
H -3.62795 5.554068 0.175341 
H -2.59391 7.404464 -1.10122 
H -0.61197 4.541884 -3.62866 
401 
 
H -1.08012 6.907021 -3.01424 
C 2.06512 0.940591 4.011203 
C 0.740773 -0.03039 6.293637 
C 1.971559 1.721953 5.170365 
C 1.481438 -0.33202 4.006968 
C 0.822878 -0.81305 5.14022 
C 1.318176 1.241038 6.305884 
H 2.415342 2.715978 5.184332 
H 1.531717 -0.93834 3.107245 
H 0.370171 -1.80097 5.119535 
H 1.255597 1.860985 7.196495 
H 0.226491 -0.40591 7.174147 
C 4.058818 1.39587 -0.29266 
C 5.336253 3.171275 -2.06754 
C 3.763894 2.763587 -0.27122 
C 4.997238 0.928502 -1.22487 
C 5.632074 1.805752 -2.10251 
C 4.397517 3.645446 -1.15204 
H 3.024226 3.147193 0.424028 
H 5.219512 -0.13466 -1.27175 
H 6.354411 1.422523 -2.81879 
H 4.152536 4.704103 -1.12016 
H 5.829453 3.856329 -2.75211 
C 4.190379 -3.64437 -2.10268 
H 5.048562 -3.68524 -2.77051 
C 4.06172 -4.55131 -1.07731 
H 4.811068 -5.32362 -0.92381 
C 2.944131 -4.45917 -0.22205 
H 2.830188 -5.16103 0.600335 
C 1.982665 -3.48781 -0.41943 
H 1.147408 -3.46023 0.259794 
C -0.82208 -2.77386 0.867889 
H -0.198 -1.93204 1.162861 
C -1.25509 -3.66274 1.830507 
H -0.96493 -3.51726 2.867932 
C -2.07206 -4.75816 1.472891 
H -2.40001 -5.46685 2.229051 
C -2.46429 -4.90203 0.162848 
H -3.11917 -5.71998 -0.13073 
C -1.28959 -0.96595 -3.87581 
H -1.32758 0.06613 -3.51106 
402 
 
H -0.34563 -1.08196 -4.42496 
H -2.10644 -1.09073 -4.59468 
H 0.694928 0.229558 -2.96518 
 
Figures 29  
TS-A 
  Pd 0.04892 -0.077 -1.02333 
N 0.354709 -1.29544 0.955934 
N -0.22321 1.422418 0.744805 
C 0.134885 -0.56484 2.012425 
H 0.019416 -0.99677 3.004253 
C 0.017572 0.869757 1.899665 
H 0.128614 1.452056 2.811768 
C 0.041081 -1.16673 -2.81601 
C -0.2545 -3.75978 -4.03257 
C 1.115914 -1.79155 -3.49314 
C -1.23348 -1.89797 -2.75905 
C -1.3632 -3.19922 -3.35388 
C 0.928843 -3.06554 -4.09087 
H 1.771789 -3.50275 -4.62197 
H -0.35285 -4.73508 -4.50296 
C -0.05292 0.685021 -3.0035 
C -0.16813 2.894618 -4.85922 
C 1.070805 1.615066 -3.13922 
C -1.18342 0.97533 -3.78232 
C -1.2411 2.046455 -4.69275 
C 0.998064 2.708693 -4.07614 
H -2.04468 0.321306 -3.73564 
H -2.14507 2.184621 -5.28173 
H -0.20343 3.714327 -5.57261 
N -0.27659 2.76255 0.621744 
C -0.95996 3.340715 -0.54095 
C -0.55777 4.823348 -0.40102 
C -0.57777 5.051035 1.119825 
C -0.07215 3.710004 1.726001 
H -0.5401 2.896784 -1.44643 
H 0.451223 4.962718 -0.80352 
H -1.23606 5.492588 -0.93583 
H -1.60222 5.238184 1.458228 
H 0.040572 5.894898 1.435406 
H -0.70516 3.440442 2.586717 
403 
 
N 0.359466 -2.63686 1.044314 
C 0.035624 -3.40304 2.254399 
C 0.439767 -4.84936 1.850996 
C 0.434474 -4.83648 0.313611 
C 0.96937 -3.42978 -0.02688 
H 0.660252 -3.07495 3.100272 
H 1.448719 -5.06056 2.220912 
H -0.23917 -5.59157 2.277823 
H -0.5846 -4.93925 -0.07417 
H 1.046961 -5.63272 -0.11613 
H 0.584824 -3.07507 -0.98645 
C -2.47395 3.140908 -0.5592 
C -5.27028 2.872893 -0.67837 
C -3.20023 2.718851 0.560179 
C -3.172 3.415841 -1.74505 
C -4.55632 3.28844 -1.80723 
C -4.5884 2.585409 0.504799 
H -2.68395 2.469771 1.481339 
H -2.62075 3.714656 -2.63265 
H -5.08257 3.495321 -2.73351 
H -5.13794 2.248382 1.377725 
C 1.373854 3.766335 2.208846 
C 4.014169 3.999281 3.130679 
C 2.45015 3.522773 1.347048 
C 1.638553 4.125118 3.537302 
C 2.947234 4.244871 3.999202 
C 3.761937 3.63712 1.805027 
H 2.262853 3.233018 0.317447 
H 0.812175 4.316295 4.218803 
H 3.14071 4.530151 5.028113 
H 4.590491 3.450352 1.129491 
C -1.42704 -3.27471 2.67142 
C -4.10907 -3.16443 3.489695 
C -1.77264 -3.4625 4.0164 
C -2.44319 -3.02689 1.740568 
C -3.77562 -2.97101 2.14686 
C -3.10259 -3.41191 4.427344 
H -0.99357 -3.65385 4.751514 
H -2.19582 -2.86246 0.696357 
H -4.55494 -2.78139 1.416011 
H -3.35957 -3.56603 5.470255 
404 
 
C 2.495775 -3.37424 -0.06399 
C 5.304133 -3.37584 -0.19421 
C 3.258898 -2.79635 0.956561 
C 3.163903 -3.94975 -1.15561 
C 4.553708 -3.95403 -1.22347 
C 4.653207 -2.79497 0.894753 
H 2.767205 -2.32915 1.803352 
H 2.585668 -4.38846 -1.96453 
H 5.057968 -4.40664 -2.0712 
H 5.233044 -2.34754 1.69549 
C -2.58801 -3.91653 -3.24816 
H -2.64724 -4.89921 -3.71132 
C -3.67235 -3.39049 -2.58627 
H -4.60244 -3.9487 -2.51886 
C -3.56709 -2.10867 -2.00036 
H -4.42066 -1.67377 -1.48661 
C -2.38831 -1.39378 -2.08561 
H -2.33644 -0.41392 -1.62019 
C 2.487583 -1.18634 -3.68576 
H 2.448096 -0.2665 -4.27876 
H 3.136531 -1.89193 -4.21408 
H 2.978192 -0.93843 -2.74086 
C 2.231041 1.56124 -2.31089 
H 2.293721 0.768033 -1.57085 
C 3.259438 2.473638 -2.41685 
H 4.131532 2.380176 -1.77442 
C 3.192832 3.517293 -3.37004 
H 4.00997 4.228387 -3.45905 
C 2.084429 3.62529 -4.1757 
H 2.008806 4.431087 -4.90271 
C 6.803204 -3.32221 -0.29619 
F 7.391752 -3.28802 0.920481 
F 7.301217 -4.39093 -0.95848 
F 7.221025 -2.22067 -0.96396 
C -5.54004 -3.04011 3.936628 
F -6.40486 -3.41711 2.969947 
F -5.79424 -3.79558 5.028678 
F -5.85069 -1.76297 4.264286 
C -6.77051 2.785989 -0.72748 
F -7.35079 3.969716 -0.41469 
F -7.21576 2.448358 -1.95856 
405 
 
F -7.25325 1.872704 0.14423 
C 5.428313 4.061256 3.640137 
F 6.30001 4.405416 2.667155 
F 5.562828 4.956929 4.6438 
F 5.835914 2.864939 4.126773 
 
Figure 29 
TS-B 
  Pd -0.11382 -0.02735 1.037241 
N 0.655838 1.270406 -0.77575 
N -0.49085 -1.26287 -0.90093 
C 0.279475 0.751756 -1.91172 
H 0.251971 1.32556 -2.83581 
C -0.09472 -0.63873 -1.97555 
H -0.00954 -1.13779 -2.93849 
C 0.283125 0.662808 2.990913 
C 2.040851 2.091282 4.779987 
C -0.07887 1.917702 3.548072 
C 1.636068 0.169087 3.302494 
C 2.492999 0.875496 4.209989 
C 0.811323 2.588759 4.427374 
H 0.482978 3.534657 4.852828 
H 2.679473 2.625473 5.479407 
C -1.03038 -0.57125 2.900049 
C -2.97322 -2.0063 4.486695 
C -2.46685 -0.30492 2.761139 
C -0.69671 -1.64549 3.744211 
C -1.63962 -2.34814 4.516764 
C -3.41602 -0.99868 3.593378 
H 0.343938 -1.90457 3.888962 
H -1.29068 -3.14207 5.1732 
H -3.70007 -2.51711 5.113711 
N -0.67665 -2.5985 -0.92734 
C -1.50552 -3.23278 0.100974 
C -1.10521 -4.71094 -0.08512 
C -0.95927 -4.83823 -1.61065 
C -0.36208 -3.47366 -2.06415 
H -1.20248 -2.84602 1.079237 
H -0.14666 -4.89516 0.412803 
H -1.8448 -5.40218 0.325965 
H -1.94363 -4.97393 -2.07032 
406 
 
H -0.32621 -5.67558 -1.91401 
H -0.88427 -3.13883 -2.97446 
N 0.942253 2.583478 -0.68449 
C 0.83521 3.544971 -1.79072 
C 1.598949 4.783623 -1.23802 
C 1.644477 4.567925 0.284174 
C 1.795225 3.038595 0.419587 
H 1.358573 3.169609 -2.68447 
H 2.615065 4.793181 -1.64551 
H 1.112274 5.719128 -1.52456 
H 0.703479 4.882843 0.748662 
H 2.461825 5.112899 0.762516 
H 1.369058 2.673753 1.358635 
C -3.00824 -3.01282 -0.06779 
C -5.78819 -2.68476 -0.30091 
C -3.5651 -2.43155 -1.21184 
C -3.86814 -3.43209 0.957583 
C -5.2449 -3.27284 0.845592 
C -4.94551 -2.26514 -1.33019 
H -2.92084 -2.0825 -2.01199 
H -3.45286 -3.86522 1.863887 
H -5.89836 -3.59487 1.649547 
H -5.36491 -1.80821 -2.22052 
C 1.129917 -3.53902 -2.37941 
C 3.855012 -3.78284 -3.00682 
C 2.107569 -3.30322 -1.40591 
C 1.537365 -3.89488 -3.67215 
C 2.888071 -4.02138 -3.9874 
C 3.461703 -3.42135 -1.71598 
H 1.806637 -3.00869 -0.40544 
H 0.789929 -4.07866 -4.44114 
H 3.191834 -4.30571 -4.98954 
H 4.211817 -3.23352 -0.95465 
C -0.60788 3.842696 -2.18527 
C -3.22616 4.515478 -2.94192 
C -0.89182 4.248174 -3.49607 
C -1.65549 3.775911 -1.25905 
C -2.95656 4.108598 -1.6328 
C -2.18883 4.585764 -3.87577 
H -0.08922 4.304013 -4.22851 
H -1.45025 3.450282 -0.2439 
407 
 
H -3.76106 4.057681 -0.90621 
H -2.39592 4.905028 -4.89196 
C 3.249986 2.58243 0.332366 
C 5.96164 1.847616 0.25135 
C 4.061045 2.705501 1.469597 
C 3.819501 2.078303 -0.84282 
C 5.165069 1.712399 -0.88657 
C 5.404006 2.343504 1.433795 
H 3.629917 3.072037 2.39722 
H 3.211078 1.950988 -1.7321 
H 5.594791 1.325631 -1.8049 
H 6.018349 2.441126 2.322664 
C 3.792337 0.376915 4.50323 
H 4.409477 0.935714 5.203801 
C 4.269023 -0.77187 3.916161 
H 5.265791 -1.13825 4.146569 
C 3.448948 -1.46848 3.00233 
H 3.817556 -2.3721 2.523742 
C 2.17912 -1.00983 2.713089 
H 1.568579 -1.55916 2.00127 
C -1.40644 2.611814 3.34164 
H -1.37315 3.615326 3.778558 
H -2.23037 2.071528 3.821109 
H -1.67388 2.719969 2.287388 
C -3.00866 0.548 1.757706 
H -2.3169 1.026852 1.069764 
C -4.36337 0.758456 1.614975 
H -4.7292 1.407554 0.823631 
C -5.27922 0.130543 2.489359 
H -6.34632 0.297299 2.373257 
C -4.80656 -0.72545 3.455983 
H -5.49794 -1.24607 4.115375 
C -7.26686 -2.43036 -0.37657 
F -7.70472 -2.34402 -1.65249 
F -7.97864 -3.40665 0.231746 
F -7.60708 -1.26724 0.232701 
C 5.316305 -3.84902 -3.35912 
F 6.07374 -4.20973 -2.30103 
F 5.554167 -4.73474 -4.35262 
F 5.780544 -2.6502 -3.78474 
C 7.395247 1.396211 0.22858 
408 
 
F 7.937217 1.495213 -1.00633 
F 8.165852 2.12416 1.068981 
F 7.52137 0.102333 0.608032 
C -4.63926 4.814068 -3.36359 
F -5.3806 5.289661 -2.33942 
F -4.68425 5.727784 -4.35891 
F -5.26726 3.705468 -3.82155 
 
 
 
  
409 
 
5 Appendix 
Cross-Coupling of Alkenylsilanolates with Aryl Chlorides 
 A study in these laboratories has demonstrated the advantages of alkenylsilanolates as 
cross-coupling partners with aryl chlorides (Scheme 148).61 High yields and minimal 
isomerization of the double bonds were observed, even for the tri and tetrasubstituted silanols. 
To investigate the substituent effect and the compatibility of heteroatoms in the cross-coupling 
process, alkenylsilanolates bearing an α-alkoxy group were studied.  
 
Scheme 148 
 
 
 α-Alkoxy substituted silanols could be prepared from lithiation followed by trapping with 
hexamethylcyclotrisiloxane (D3) in moderate yields (Scheme 149). However, significant 
amounts of disiloxane and dimethylsiloxydimethylsilanol were observed in the synthesis of 
furanylsilanol 150b and n-butoxyvinylsilanol 150c. In contrast to the pyranylsilanol, 
furanylsilanol dimerizes readily at room temperature. Storing the material at -20 °C slowed down 
disiloxane formation, but ultimately could not be avoided. To suppress formation of side 
products, an alternative route was envisioned (Scheme 150). Lithiation of n-butoxylvinyl ether 
and trapping with dimethylchlorosilane gave the n-butoxyvinyldimethylsilane. Surprisingly, 
attempts at oxidative hydrolysis using ruthenium catalysis were unsuccessful giving multiple 
decomposition products. On the other hand, the cyclohexenylsilane derived from Shapiro 
reaction of the corresponding hydrazone, did provide silanol in a preliminary study (Scheme 
151). Although further optimization is needed for the preparation of α-alkoxy silanols, the 
current methods provided material that would allow for the cross-coupling studies to be 
undertaken.  
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Scheme 149 
 
 
Scheme 150 
 
 
Scheme 151 
 
 
 The cross-coupling of the in situ generated pyranylsilanolate K+150a− with aryl chlorides 
having different electronic and steric properties was examined (Table 1). Using the reaction 
conditions previously developed, chlorobenzene reacted in moderate yield (entry 1) while 
electron poor aryl chlorides gave good yields of the biaryl products (entries 2 and 3). However, 
stalling was observed for the sterically hindered 2-methyl and 2,6-dimethylchlorobenzene at 1.5 
h and 3.0 h, respectively (entries 4 and 5). The electron rich aryl chloride, 4-chlorotoluene, 
reacted readily within 1.5 h to give 88 % yield (entry 6). The cross-coupling of the more difficult 
4-methoxy and 2-methoxychlorobenzene were promising (entries 7 and 8), but the isolation of 
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these two products proved problematic. Purification by silica gel chromatography using a 
triethylamine buffered eluent system or basic alumina all lead to decomposition of the products 
upon concentration. The acid sensitive nature of these compounds is due to the presence of 
electron donating functionality that renders the double bond of the pyran highly reactive. Si-
protecting groups were shown to be compatible as the TBS protected benzyl alcohol reacted 
smoothly (entry 9). The possibility to couple n-butoxyvinylsilanolate K+150c− was tested with 4-
chlorotoluene which provided the corresponding product in 49% yield. 
 
Table 34. Palladium-catalyzed cross-coupling of pyranylsilanolate with aryl chlorides 
 
entry R time (h) product yield (%) 
1 H 2 151a 67 
2 4-CO2t-Bu 3 151b 81 
3 4-NO2 0.5 151c   59 (82)
a 
4 2-Me 1.5 151d  62b 
5 2,6-Me2 3 1513    -
b,c 
6 4-Me 1.5 151f 88 
7 4-MeO 4 151g  -d 
8 2-MeO 20 151h  -d 
9 4-CH2OTBS 0.5 151i  86 (91)
a 
10 4-Me 4 152 49 
 
 
  
a The numbers in parentheses represent GC yields using tetradecane as the internal 
standard . b Reaction stalled. c Heating at 66 °C. d A 1.5 equiv of the silanolate was 
used and the cross-coupled product readily decomposed.  d  n-Butoxyvinylsilanolate 
K+150c− was used.   
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Experimental 
Preparation of (5,6-dihydro-4H-pyran-2-yl)dimethylsilanol 
 
 A solution of t-butyllithium (16.9 mL, 28.7 mmol, 1.7 M in hexane, 1.0 equiv) was added 
to THF (2.5 mL) in a 250 mL, flame-dried, 3-necked round-bottom flask at -78 °C under argon. 
The resulting yellow suspension was stirred at -78 °C for 10 min, then 3,4-dihydro-2H-pyran 
(2.55 mL, 28 mmol, 1.0 equiv) was added slowly. The mixture was allowed to warm to 0 °C and 
was stirred for 1.5 h whereby a clear yellow solution was obtained. After cooling the solution to 
–78 °C, a solution of hexamethylcyclotrisiloxane (2.07 g, 9.3 mmol, 0.33 equiv) in dry THF (4.0 
mL) was added over 20 min at –78 °C. The mixture was allowed to warm to rt and was stirred at 
that temperature for 7 h during which time a white suspension formed. The solution was then 
cooled to 0 °C and was quenched with water (30 mL). The aqueous phase was extracted with 
ethyl acetate (2 × 30 mL) and the combined organic phases were washed with water (1 × 30 mL) 
and brine (1 × 30 mL). The combined organic layers were dried over anhydrous sodium sulfate 
and were filtered. The filtrate was then evaporated in vacuo to give a yellow oil which was 
purified by silica gel chromatography (45 × 145 mm, hexane/EtOAc, 7/1) and by short path 
distillation to afford 2.22 g (50%) of 150a as a colorless oil. 
 
Data for 150a:  
 bp:  68.5 °C (0.35 mmHg).  
 1H NMR: (500 MHz, CDCl3)  
 5.11 (t, J = 3.9 Hz, 1 H, HC(4)), 3.94 (t, J = 5.1 Hz, 2 H, H2C(1)), 2.22 (br s, 1 H, 
 HO(7)), 2.00 (dt, J = 6.3, 3.9 Hz, 2 H, H2C(3)), 1.84 (m, 2 H, H2C(2)), 0.21 
 (s, 6 H, H3C(6)).  
 13C NMR:   (100 MHz, CDCl3) 
 159.0 (C(5)), 111.8 (C(4)), 65.6 (C(1)), 22.6 (C(3)), 20.4 (C(2)), -1.3 (C(6)). 
 TLC:  Rf  0.25 (hexane/EtOAc, 7/1) [silica gel, I2]  
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Preparation of 1.0 M Potassium (5,6-Dihydro-4H-pyran-2-yl)dimethylsilanolate in THF.  
 
 In a dry box, KH (80 mg, 2.0 mmol, 1.0 equiv) was added to an oven-dried, 2.0-mL 
volumetric flask containing a magnetic stir-bar. This flask was capped with a septum and 
removed from the dry box. The volumetric flask was placed under argon, THF (1.0 mL) was 
added and the mixture was cooled in an ice bath. To this mixture was added (5,6-dihydro-4H-
pyran-2-yl)dimethylsilanol (316 mg, 2.0 mmol, 1.0 equiv) dropwise over 2 min. After the 
vigorous bubbling had subsided, the mixture was warmed to room temperature. The stir-bar was 
raised above the mark on the volumetric flask with an external magnet and the reaction mixture 
was diluted to the 2.0 mL mark with THF. After additional stirring, the bubbling stopped and a 
clear, light yellow solution had formed. An aliquot (100 µL) was titrated by quenching an aliquot 
(100 µL) into water (2 mL) and titrating with 0.10 M HCl using phenolphthalein as an indicator 
afforded a titration of 1.0 M. Potassium (1-butoxyvinyl)dimethylsilanolate was prepared in an 
analogous manner. 
 
General Procedure I:  
Cross-Coupling of Potassium (5,6-Dihydro-4H-pyran-2-yl)dimethylsilanolate with Aryl 
Chlorides.  
 
 In an oven-dried, 5-mL, 1-necked round-bottomed flask containing a magnetic stir bar 
equipped with a reflux condenser and an argon inlet capped with a septum, [allylPdCl]2 (9.1 mg, 
0.025 mmol, 2.5 mol %) and 2-dicyclohexylphosphino-2’,6’-dimethoxybiphenyl (S-Phos) (20.5 
mg, 0.05 mmol, 5 mol %) were combined. The flask was sequentially evacuated and purged with 
argon twice. THF (1.0 mL), and the aryl chloride (1.0 mmol, 1.0 equiv) were added followed by 
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potassium (5,6-dihydro-4H-pyran-2-yl)dimethylsilanolate (1.0 M in THF, 1.3 mL, 1.3 mmol, 1.3 
equiv). The reaction mixture was heated to 60 °C under argon. After GC analysis showed 
complete consumption of the aryl chloride, the mixture was cooled to rt, filtered through SiO2 (2 
cm × 2 cm) and the column was eluted with Et2O (100 mL). The filtrate was concentrated in 
vacuo and the residue was purified by column chromatography (SiO2) followed by Kugelrohr 
distillation or recrystallization to afford the final product. 
 
6-Phenyl-3,4-dihydro-2H-pyran 
 
 Following General Procedure I, [allylPdCl]2 (9.1 mg, 0.025 mmol, 2.5 mol %), S-Phos 
(21.0 mg, 0.05 mmol, 5 mol %), THF (1.0 mL), chlorobenzene (105 µL, 1.0 mmol, 1.0 equiv) 
and K+150− (1.0 M, 1.3 mL, 1.3 mmol, 1.3 equiv) were combined and heated to 60 °C. After 2 h, 
the mixture was cooled to rt, filtered through SiO2 (2 cm × 2 cm) and the column was eluted with 
Et2O (100 mL). Purification by column chromatography (SiO2, 20 mm × 16.5 cm, 
hexanes/toluene, 9/1 and 2 % Et3N) followed by Kugelrohr distillation afforded 108 mg (67%) of 
151a as a colorless oil. 
 
Data for 151a:  
 bp: 90 °C air bath (0.6 mmHg). 
 1H NMR: (500 MHz, CDCl3)  
 7.55 (d, J = 7.3 Hz, 2 H, HC(7)), 7.3 (m, 3 H, HC(8) and HC(9)), 5.34 (t, J = 3.9 
 Hz, 1 H, HC(4)), 4.18 (t, J = 5.1 Hz, 2 H, H2C(1)), 2.22 (dt, J = 6.6, 4.2 Hz, 2 H, 
 H2C(3)), 1.91 (m, 2 H, H2C(2)).  
 TLC:  Rf  0.56 (hexane/EtOAc, 15/1) [silica gel, I2]  
 GC-MS: 160 (M+, 100) 
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4-(5,6-Dihydro-4H-pyran-2-yl)benzoic acid tert-butyl ester 
 
 Following General Procedure I, [allylPdCl]2 (9.1 mg, 0.025 mmol, 2.5 mol %), S-Phos 
(21.2 mg, 0.05 mmol, 5 mol %), THF (1.0 mL), 4-chloro-tert-butylbenzoate (212.7 mg, 1.0 
mmol, 1.0 equiv) and K+150− (1.0 M, 1.3 mL, 1.3 mmol, 1.3 equiv) were combined and heated 
to 60 °C. After 3 h, the mixture was cooled to rt, filtered through SiO2 (2 cm × 2 cm) and the 
column was eluted with Et2O (100 mL). Purification by column chromatography (SiO2, 30 mm × 
17.5 cm, hexanes/TBME, 50/1 and 2 % Et3N) afforded 211 mg (81%) of 151b as a white needle 
shaped crystalline solid. 
 
Data for 151b:  
 1H NMR: (400 MHz, CDCl3)  
 7.92 (d, J = 8.5 Hz, 2 H, HC(8)), 7.57 (d, J = 8.3 Hz, 2 H, HC(7)), 5.47 (t, J = 4.2 
 Hz, 1 H, HC(4)), 4.19 (t, J = 5.1 Hz, 2 H, H2C(1)), 2.24 (dt, J = 6.3, 4.2 Hz, 
 2 H, H2C(3)), 1.92 (m, 2 H, H2C(2)), 1.59 (s, 9 H, H3C(12)).  
 TLC:  Rf  0.30 (hexane/TBME, 40/1) [silica gel, UV and I2]  
 
6-(4-Nitrophenyl)-3,4-dihydro-2H-pyran 
 
 Following General Procedure I, [allylPdCl]2 (9.7 mg, 0.026 mmol, 2.6 mol %), S-Phos 
(20.7 mg, 0.05 mmol, 5 mol %), THF (1.0 mL), 4-chloronitrobenzene (158.2 mg, 1.0 mmol, 1.0 
equiv) and K+150− (1.0 M, 1.3 mL, 1.3 mmol, 1.3 equiv) were combined and heated to 60 °C. 
After 0.5 h, the mixture was cooled to rt, filtered through SiO2 (2 cm × 2 cm) and the column 
was eluted with Et2O (100 mL). Purification by column chromatography (SiO2, 30 mm × 15.5 
cm, hexanes/EtOAc, 50/1 and 2 % Et3N) followed by recrystallization in MeOH afforded 121 
mg (59%) of 151c as a yellow flaky solid. 
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Data for 151c: 
 1H NMR: (500 MHz, CDCl3)  
 8.17 (d, J = 9.3 Hz, 2 H, HC(8)), 7.68 (d, J = 9.0 Hz, 2 H, HC(7)), 5.58 (t, J = 4.2 
 Hz, 1 H, HC(4)), 4.20 (t, J = 4.9 Hz, 2 H, H2C(1)), 2.27 (dt, J = 6.6, 4.4 Hz, 
 2 H, H2C(3)), 1.94 (m, 2 H, H2C(2).  
 TLC:  Rf  0.32 (hexane/EtOAc, 15/1) [silica gel, UV]  
 GC-MS: 160 (M+, 100) 
 
6-o-Tolyl-3,4-dihydro-2H-pyran 
 
 Following General Procedure I, [allylPdCl]2 (9.2 mg, 0.025 mmol, 2.5 mol %), S-Phos 
(20.6 mg, 0.05 mmol, 5 mol %), THF (1.0 mL), 2-chlorotoluene (120 µL, 1.0 mmol, 1.0 equiv) 
and K+150− (1.0 M, 1.3 mL, 1.3 mmol, 1.3 equiv) were combined and heated to 60 °C. After 1.5 
h, the mixture was cooled to rt, filtered through SiO2 (2 cm × 2 cm) and the column was eluted 
with Et2O (100 mL). Purification by column chromatography (SiO2, 20 mm × 18 cm, 
hexanes/toluene, 49/1 and 2 % Et3N) afforded 108 mg (62%) of 151d as a colorless oil. 
 
Data for 151d: 
 1H NMR: (500 MHz, CDCl3)  
 7.27 (d, J = 6.1 Hz, 1 H, HC(11)), 7.17 (m, 3 H, HC(8-10)), 4.82 (t, J = 3.9 
 Hz, 1 H, HC(4)), 4.14 (t, J = 4.1 Hz, 2 H, H2C(1)), 2.36 (s, 3 H, HC(12)); 2.19 (dt, 
 J = 6.3, 3.9 Hz, 2 H, H2C(3)), 1.93 (m, 2 H, H2C(2)).  
 TLC:  Rf  0.57 (hexane/EtOAc, 15/1) [silica gel, I2]  
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6-(4-Methylphenyl)-3,4-dihydro-2H-pyran 
 
 Following General Procedure I, [allylPdCl]2 (9.1 mg, 0.025 mmol, 2.5 mol %), S-Phos 
(20.7 mg, 0.05 mmol, 5 mol %), THF (1.0 mL), 4-chlorotoluene (120 µL, 1.0 mmol, 1.0 equiv) 
and K+150− (1.0 M, 1.3 mL, 1.3 mmol, 1.3 equiv) were combined and heated to 60 °C. After 1.5 
h, the mixture was cooled to rt, filtered through SiO2 (2 cm × 2 cm) and the column was eluted 
with Et2O (100 mL). Purification by column chromatography (SiO2, 20 mm × 16 cm, 
hexanes/toluene, 9/1 and 2 % Et3N) afforded 155 mg (88%) of 151f as a light yellow oil. 
 
Data for 151f:  
 1H NMR: (400 MHz, CDCl3)  
 7.43 (d, J = 8.3 Hz, 2 H, HC(7)), 7.12 (d, J = 8.3 Hz, 2 H, HC(8)), 5.29 (t, J = 3.9 
 Hz, 1 H, HC(4)), 4.17 (t, J = 5.1 Hz, 2 H, H2C(1)), 2.34 (s, 3 H, HC(10)), 2.21 (dt, 
 J = 6.6, 4.2 Hz, 2 H, H2C(3)), 1.91 (m, 2 H, H2C(2)).  
 TLC:  Rf  0.48 (hexane/EtOAc, 15/1) [silica gel, I2, KMnO4]  
 GC-MS: 174 (M+) 
 
tert-Butyl[4-(5,6-dihydro-4H-pyran-2-yl)benzyloxy]dimethylsilane 
 
 Following General Procedure I, [allylPdCl]2 (4.8 mg, 0.013 mmol, 2.6 mol %), S-Phos 
(10.6 mg, 0.026 mmol, 5 mol %), THF (0.5 mL), tert-butyl(4-chlorobenzyloxy) dimethylsilane 
(128.9 mg, 1.0 mmol, 1.0 equiv) and K+150− (0.5 M, 1.3 mL, 0.65 mmol, 1.3 equiv) were 
combined and heated to 60 °C. After 0.5 h, the mixture was cooled to rt, filtered through SiO2 (2 
cm × 2 cm) and the column was eluted with Et2O (100 mL). Purification by column 
chromatography (SiO2, 20 mm × 15 cm, hexanes/EtOAc, 70/1 and 2 % Et3N) afforded 130 mg 
(86%) of 151i as a colorless oil. 
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Data for 151i:  
 1H NMR: (400 MHz, CDCl3)  
 7.50 (d, J = 8.3 Hz, 2 H, HC(7)), 7.26 (d, J = 8.8 Hz, 2 H, HC(8)), 5.32 (t, J = 3.9 
 Hz, 1 H, HC(4)), 4.17 (t, J = 5.3 Hz, 2 H, H2C(1)), 2.21 (dt, J = 6.6, 4.2 Hz, 
 2 H, H2C(3)), 1.91 (m, 2 H, H2C(2)), 0.93 (s, 9  H, H3C(13)), 0.08 (s, 6 H, 
 H3C(11)). 
 13C NMR:   (100 MHz, CDCl3) 
 151.7, 140.9, 134.9, 125.8, 124.2, 96.9, 66.4, 64.8, 25.9, 22.4, 20.8, 18.4, -5.3. 
 TLC:  Rf  0.25 (hexanes/EtOAc, 70/1 and 2 % Et3N) [silica gel, I2]  
 
Preparation of (4,5-Dihydrofuran-2-yl)dimethylsilanol 
 
 To a flame-dried, 250-mL, 3-necked round-bottom flask containing a magnetic stir-bar 
and a solution of 2,3-dihydrofuran (3.4 mL, 45 mmol, 1.0 equiv) in THF (7.0 mL) stirred at -85 
°C under dry nitrogen atmosphere, t-butyllithium (26.5 mL, 45 mmol, 1.7 M in hexane, 1.0 
equiv) was added dropwise over a period of 1 h. The resulting yellow suspension was stirred at -
85 °C for 10 min and allowed to warm to 0 °C. After another 3 h of stirring at 0 °C, the yellow 
suspension was cooled to –78 °C. A solution of hexamethylcyclotrisiloxane (3.33 g, 15 mmol, 
0.33 equiv) in dry THF (6.0 mL) was added over 20 min. The mixture was allowed to warm to rt 
and was stirred at that temperature for 13 h during which time a white suspension formed. The 
solution was then cooled to 0 °C and was quenched with water (30 mL). The aqueous phase was 
extracted with Et2O (3 × 30 mL) and the combined organic phases were washed with water (1 × 
30 mL) and brine (1 × 30 mL). The combined organic layers were dried over anhydrous sodium 
sulfate and were filtered. The filtrate was then evaporated in vacuo to give a yellow oil which 
was purified by silica gel chromatography (55 mm in diameter, 250 g SiO2, hexane/EtOAc, 6/1 
then 5/1) to afford 1.56 g (24%) of 150b as a colorless oil.  
 
Data for 150b:  
 1H NMR: (500 MHz, CDCl3)  
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 5.32 (t, J = 2.6 Hz, 1 H, HC(3)), 4.30 (t, J = 9.6 Hz, 2 H, H2C(1)), 2.61 (dt, J = 
 9.9, 2.6 Hz, 2 H, H2C(2)), 2.09 (br s, 1 H, HO(6)), 0.29 (s, 6 H, HC(5)).  
 TLC:  Rf  0.13 (hexane/EtOAc, 6/1) [silica gel, I2]  
 IR:  (neat) 
 3384 (s, broad), 2961 (s), 2889 (m), 2857 (m), 1597 (m), 1474 (w), 1448 (w), 
 1405 (w), 1355 (w), 1254 (s), 1195 (w), 1180 (w), 1100 (s), 993 (m), 928 (s), 886 
 (s), 823 (s), 785 (s), 745 (m), 660 (s). 
 
Characterization of side products:  
1,3-Bis-(4,5-dihydrofuran-2-yl)-1,1,3,3-tetramethyldisiloxane 
 
 1H NMR: (500 MHz, CDCl3)  
  5.34 (t, J = 2.7 Hz, 2 H, HC(3)), 4.31 (t, J = 9.5 Hz, 4 H, H2C(1)), 2.61 (dt, J =  
  9.8, 2.7 Hz, 1 H, H2C(2)), 0.29 (s, 12 H, H3C(5)).  
 IR:  (neat) 
  2961 (s), 2917 (s), 2885 (s), 2856 (s), 1595 (s), 1473 (w), 1448 (w), 1409 (w),  
  1355 (w), 1250 (s), 1197 (w), 1180 (w), 1099 (s), 991 (m), 928 (s), 884 (s),  
  832 (s), 808 (s), 783 (s), 736 (s). 
 TLC:  Rf  0.63 (hexane/EtOAc, 6/1) [silica gel, I2]  
 
(4,5-Dihydrofuran-2-yl)dimethylsiloxydimethylsilanol 
 
 
 1H NMR: (500 MHz, CDCl3)  
  5.30 (t, J = 2.6 Hz, 2 H, HC(3)), 4.30 (t, J = 9.6 Hz, 4 H, HC(1)), 2.62 (dt, J = 9.4, 
  2.6 Hz, 4 H, HC(2)), 0.25 (s, HC(5), 6 H); 0.12 (s, HC(6), 6 H).  
 IR:  (neat) 
Me
O Si
Me
O
Si
MeMe
O
1
2 3
4
5
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  3401 (s, broad), 2962 (s), 2859 (m), 1597 (m), 1473 (w), 1449 (w), 1411 (w),  
  1354 (w), 1258 (s), 1195 (w), 1180 (w), 1062 (s), 993 (m), 928 (s), 884 (s), 856  
  (s), 825 (s), 796 (s), 739 (m), 697 (m), 660 (m). 
 TLC:  Rf  0.20 (hexane/EtOAc, 6/1) [silica gel, I2]  
 
Preparation of (1-Butoxyvinyl)dimethylsilanol 
 
 To a flame-dried, 100 mL, 3-necked round-bottom flask containing a solution of t-
butyllithium (16.5 mL, 28 mmol, 1.7 M in hexane, 1.0 equiv) in THF (7.0 mL) stirred at -78 °C 
under argon, n-butylvinyl ether (3.6 mL, 45 mmol, 1.0 equiv) was added dropwise. The resulting 
yellow suspension was stirred at -78 °C for 20 min and allowed to warm to 0 °C. After another 1 
h of stirring at 0 °C, the yellow solution was cooled to –78 °C. A solution of 
hexamethylcyclotrisiloxane (2.07 g, 9.3 mmol, 0.33 equiv) in dry THF (6.0 mL) was added in 5 
min. The mixture was allowed to warm to rt and was stirred at that temperature for 3 h during 
which time the mixture became a clear, light metallic brown solution. The solution was then 
cooled to 0 °C and was quenched with water (30 mL). The aqueous phase was extracted with 
Et2O (3 × 30 mL) and the combined organic phases were washed with water (1 × 30 mL) and 
brine (1 × 30 mL). The combined organic layers were dried over anhydrous sodium sulfate and 
were filtered. The filtrate was then evaporated in vacuo to give a yellow oil which was purified 
by silica gel chromatography (60 mm × 17 cm, hexane/EtOAc, 12/1) to afford 0.47 g (10%) of 
151c as a colorless liquid.  
 
Data for 151c:  
 1H NMR: (500 MHz, CDCl3)  
  4.62 (d, J = 2.0 Hz, 1 H, HC(1)), 4.39 (d, J = 2.0 Hz, 2 H, HC(1)), 3.65 (t, J = 6.6  
  Hz, 2 H, H2C(3)), 1.88 (br s, 1 H, HO(8)), 1.66 (m, 2 H, H2C(4)), 1.40 (m, 2 H,  
  H2C(5)), 0.93 (t, J = 7.3 Hz, 3 H, H3C(6)), 0.25 (m, 6 H, H3C(7)). 
 TLC:  Rf  0.30 (hexane/EtOAc, 15/1) [silica gel, I2]  
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Preparation of 1-(1-Butoxyvinyl)-4-methylbenzene 
 
 Following General Procedure I, [allylPdCl]2 (4.7 mg, 0.0128 mmol, 2.6 mol %), S-Phos 
(10.4 mg, 0.025 mmol, 5 mol %), THF (0.5 mL), 4-chlorotoluene (60 µL, 0.5 mmol, 1.0 equiv) 
and potassium (1-butoxyvinyl)dimethylsilanolate (0.5 M, 0.65 mL, 0.65 mmol, 1.3 equiv) were 
combined and heated to 60 °C. After 4 h, the mixture was cooled to rt, filtered through SiO2 (2 
cm × 2 cm) and the column was eluted with Et2O (100 mL). Purification by column 
chromatography (SiO2, 20 mm × 16 cm, hexanes/EtOAc, 30/1 and 2 % Et3N) afforded 47 mg 
(49%) of 152 as a light yellow oil. 
 
Data for 152:  
 1H NMR: (500 MHz, CDCl3)  
  7.38 (d, J = 8.1 Hz, 2 H, HC(8)), 7.13 (d, J = 8.1 Hz, 2 H, HC(9)), 4.58 (d, J = 2.4 
  Hz, 1 H, HC(1)), 4.14 (d, J = 2.7 Hz, 1 H, HC(1)), 3.85 (t, J = 6.6 Hz, 2 H,  
  H2C(3)),  2.35 (s, 3 H, HC(11)), 1.78 (m, 2 H, H2C(4)), 1.52 (m, 2 H, H2C(5)),  
  0.98 (t, J = 7.3 Hz, 3 H, H3C(6)). 
 TLC:  Rf  0.24 (hexanes/EtOAc, 30/1 and 2 % Et3N) [silica gel, I2]  
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